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A I)stract. ‘1’hc progress i?l the ulldcrstarlclillg  of the ‘l\lIi-
p,uskii ot,jcct is rcwicwccl ill tllc light of evidcllce ~,rcsellted
i)) Ilul]ierous recel]t il)vcstigations, Whicl) aJ]}>carecl fol-
lolriitp,  tlIc ]Jul)licatic]!k o f  ]Ity 1983 pa~wr or] tllc object’s
I)rolmscd  asteroidal nature. ‘J’he issues addressed exten-
sively ill the IJrcwllt  r e v i e w  irlvolve:  (i) tl~c fullda]nctlta]

cllaractcristim of ttlc cvcrtt, such as LIIC object ’s  cllcrp,y,
a l t i t u d e ,  a))d vclc)city  at t}lc ti]ne of its tcrrninal explo-
siotl  and tllr dyllalllic  ~)rcssure  illvolved; ( i i )  t h e  problc~l-r
o f  atrl)os])hcric fra.gloe]ltatioll  of very  lnassivc illlpactors
iiIId tllc irl]])licatiolls for their a b l a t i o n  and clecelcratioll;
(iii) J,cw alla]ysis of the orielltatiorl of the ‘Jurlguska  ot,-
jcct’s IIelioccvltric  ort)it b a s e d  01] tllc t)est  data  ori t)Ic ap
]mrc)lt radiarll of tllc firet)all’s atrrlosI~hcric trajectory; arlcl
( iv)  colll~)arisoll  with tile firldirlp,s of ot},cr  reccllt il)vcsti-
p,atiojls,  illcluclifig  colll~msitiollal  stuclies. Also crnployecl  irl
(Ilc Or~,lllll  CJltS arc the results now availatJlcoll tllc iro~)acts
of co]l)ct  Siiocloakcr  - l,evy 9’s frap,tllcllts i~lto Ju~)itcr ar)cl
l]ic  fi]idirlp,s of a rc’ccllt Corllparatilrc stuc]y of two ]Iuge firc’-
lmlls (orle  corllctary, C)IJC stony, both illvolvirlg  irn I]actors
s e v e r a l  ~l]ctcrs  across)  obscrvcc]  wit}) t}jc canlcras of tlic
l;uro)m]l Network of fircl)all rnollitori]lg.  It is ccmcludecl
tl!at l~y}mtllc+m b a s e d  0 1 1  ~)rcsul])cd  coll]ctary c,rigill of
tllc ‘J\)ll~uska  objcc( ellcourttcr urlsllrlllolllltal)lc cliflicul-
t ics  ar)d t}lat t}lc irltcri)rctatiol) c)f tile cvellt as a fall c)f a
s]llall sto]ly or cart) o]laccous astcroicl is not or]ly I)lausiblc
but vir~uall) ccrtaill.

1. IIltrocluctioll

‘J’wo p,rcat  cwllic cvellts ttlat c)ccurrccl  cluri]tg  ttle 20tfl
cclltrlr! a r c  ccrtaill tc) rclllaitl tc]pics  o f  co~lti~luirlg sci-
entific dct)a!cs fc)r a  ]OIIF,  tirnc: t]Ie iII)])act  c)f t h e  ‘~hl I-
gus!ia  c)hjcct  ill S i b e r i a  c)rl Jurlc 3 0 ,  1908 a]icl tt,c colli-
sion  c)f Cc)l[lct Slloc~iia!icr-  l,cvy 9  wit])  J u p i t e r  ill JLIly

] 994, ‘J’IIc  first c~)isc~cic is dwarfccl  t)y the latter whcrl  rnca-
surcd tjy t}le alrlc)ullt  o f  r e l e a s e d  ellcrgy. 011 t h e  ott~cr

IIallcl, tile ‘1’ltllguska Cvcllt clircctly illvc)lvcs  tllc i s s u e  o f

o f  t,hc T’unguska  objcxt,

I)rt<aderm,  ~A 91 I(K), (J. S. A.

a tllrcat to our civil  i7, atio11. ScicllLiflcally,  irlfor]natior) or)
eit}tcr  evcllt is J)riceless.  C)ric a d v a n t a g e  that WT JIOW ctljoy
k that, togctllcr wit]l  tllc recorded aIId a]laly~,ccl irlstallccs
o f  great firchal]s [wrlctratirlg tllc ];art}i’s atrllosl)llcrc,  tllc

Jovian  co]]isioll  ])rovidcs  us with an o~)[)ortu]lity  tc) CXalJ”J-
inc  the effects causecl  t~y ttlc ‘J’utlg, uska fall by co]opari Ilg
thcIrl  with irltcrpc)lated, r a t h e r  tl]an cxt,ral,olatcd, eflects
of other events,

A rllajor objective of this review’ is to show that wc
are ]IOW essent ia l ly  ready to address ttlc solutiorl to the
~,crc~lliial ~)roblcrll on the nature of the ‘Jlr]lp, uska  ot)jcct,
CVCII  tlloug~l sornc  r[lillor  c] Llcstiorls  sti]]  rc]l”iairl. ‘J’]Ic char-
acteristics o f  tile evc]lt  a~lcl t}lc I)ro~~crtics  of tllc ir]volvec]
ol~jcct,  kJIowrI froll)  tlIe  li]r]itccl  cviclellcc  avail ahlc, call  k
cvaluatccl irl tcr]l)s of tllc criteria that arc currently coII -
sidercd to k most cliagllostic for asteroidal and cometary
origin. Coln~Jarisoll  \vittl  ilnI)actc)rs W11OSC  cjrigirl can  rllorc
straig}ltforwardly  k assessed is ~]rohably  tllc rllc)st. al)pro-
J)riatc avcllLlc i~l pursL)irlg th is  task.

lrl colrll)liarlcc  wi th  th is  ~)hiloso~)lly,  1 acldrcss  I) C1OIV
OIIIY ~lie IIK)St  S)’l!l])tOl])ati  C aS]>CCtS Of t}l C ~)rObl CIJl, ‘Jo

s o m e  degree, this work is arl cxt,cJlsio]l  of JiIy p rev ious
i~lvcstip,atioll  (Sckallilla 1983,  referred to IIcretofore as l’a.
]wr 1), w]lerc  the  co~lclusion  or] tllc o b j e c t ’ s  astcrc,iclal
(sto],y or cart) c)]laceous)  IIature was tm.see] or[ all analogy
betwecrl  the cl~aracteristics  of the ‘J’u])p,uska evc~lt a r id  a
Ilullltwr of less Illassivc firchalls with terlllirlal flares. Tt]c
fullclarl]e]ltal  arp, Llr[lcrlt was  that  a  cc)lnct  of t}lc ]Ilaw  es-
tirl)zttcd  for ‘J’u]lguska COUIC]  ~Iot I>ossib]~’  surv ive  all acrcJ-
d~IIZiIJliC IIrcssurc  c)f a~lyiv}lerc rlcar 2(j O0 I)ars,  ~v}lic]i i t
SIIC)UIC1  ltavc  bccrl sut)jcctcd tc), if its prc-cx~>]c)siori v e l o c -
i t y  \vcrc =30 ktJI/s. l~urt,t)cr ai_F, UIJJCIl~S,  dcvclo~,cd  I)cIo}v

ill tllc lip,}lt of t}lc results by otltcr rcscarc)icr~, corri~]lclllc)lt
and reinforce tl[c  cc)llclusiorl  c)f l’a])cr 1.

2. KIIOWII ])r-o~)erties o f  the ~h~lguska  fireball

‘J’},c fLllldalIlcrlta]  p]i~SiCa] C]laractcristics C)f t,}le ‘J}ll,F,u!,ka
evcllt were  su]]lrrlarimcl  i~l ‘J ’able  I  c)f l’a]wr 1. ScJrIIc o f
t}leir m o s t  a c c u r a t e  clctcrl]li Tlatiorls  ca]nc frorll  illvcsti-
p,atiorls  o f  scis[~iic i]iforll]atioll. lr) ~~articular,  tllc exl,lo-
sio~l el]crgy  \vas foutld  tc] a~r]ourlt  tc) 5 X 1023 cr~,s l)J’ llCll -
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for tf]e ol,jcct a bulk dcrlsity  ent i rely outs ide  the  realTn of
],lausil,lr lafues for stolIy as teroids  (*2- 4 g/cln3).

A]j])rol)riatc mlll]>arlsoll  Otjjccts wit]l  Cxf>]clsioll ~l,cr.
gics  lower  [Ilatl ‘J’u)lguska’s  are I)rovidcd  by the rltost  rlIas-
sil~c a]ld  t)riglitcsL  f i r e b a l l s  dctmted ~)llotograrhically by

lfle  variolls firct)all ]Ictworks. ‘1’l)e great advatltage of tltcsc
dala is tt]at ttlcy co~)t,aill higlbqua]ity  ir]forvnation  o]t t h e
orl)its of ttic ol)jects a]ld  fairly good  cstir]latcs for  the i r
initial attd Lerlllillal  ~riasses. Avai lable  irtforl!iatioll  oti a
total of 14 objccLs  larger tha]l 1 11] i~l cliarrletcr-,  wliosc  at-
]Ilosl)lleric  )Jlotio])s  had lxeII p]iotographed prior to 1992,
wws convellicl)tly  sul[llnarimxl  by Cje~jleclla ( 1  994).  ‘J’wo
additiorlal objects  be]oltgitlg to this group, tile l’eekskill
Illctcorit<c  (Ilrowll et al. 1994 ,  lhxcl] et al. 1 995) ar]d tl)e
M a r s h a l l  lslallds fireball (h!cCord ct al, 1995, ‘J’ae;liaferri
(1 cl. 19{)5) were  dctectd ~]lorc recelitfy.

ITI order to dcIIto]lstrate tile relevance al]d  irl]])ortallce
of lllassivc-firelmll  illvcs[igations, 1 refer tc) tile results of
a  rccellt st{]dy  by llorovi5ka  a~]d Spurnj (1  996)  o f  t w o
cxLrcrllcly  l)rigllt f i r e b a l l s  detcc[ed by tllc l~uropca]l  h’ct-
work.  ‘J’llcir results rc[}rcse]lt  a dratl]atic illustration]] of clif-
fcrcllces ill Iltc beilavior of ttlc two irll])actors durillg their
a[rilosl)llcric flight, thus depicting ttle i~lllncilse  Str[ictural
(Iiscrc]wllcics Ixtwcell mtcclllcly “soft” IJlatcrial, ulIqucs-

Iiotlatj]y of corllctary orig;in,  re])reselitecl  hy ttle $ulrlava
firclmll, alt~l ‘Lllard”, .  .~tc)l,\, ~i~atcrial,  exc]n])lifld  t~y tile

1 ktlciov fir(tmll.
lk)rovitfw atlcl S~JurItf  first deterl]]ined  the o r b i t s  arid

Iip,llt curves of tlie tww o b j e c t s  and s})owcd that t}le ]wak
Imrlcllrotllatic  IIjagnitudes , Ilor[(ialimd to  a  distance o f
100 krl) \\,cr<, - 2] .5 f o r  SLIt IIava  atld - 19.5 f o r  ]ICIIISOV,

lvitll  ar] utlccrtaiflt.y of  d 1 lIIag  ill cittlcr case. ‘1’lle J)rcat-
Illosl]llcric Itmsscs f o r  tt]c  two ot)jccts were  cstilllated b y
t}lc>e alltttc)]s at, rcs}wctivcly.  5 aJld 13 rlletric tolls, w]lictl,
w i t h  tl)c a c c u r a t e l y  dctcrn)irlcd e)ltry vclocitim,  illll~ly
tlw ii!itial kilictic m)ergics  of 1.8 a~){l 2.9x 1 01 (’erg ,  a}jout
.’1 order>  of  IItagtlitlldc lower  tha]l tllc cxl)]osioll  cl]ergy o f
ttl(’ ‘J’ullp,uska Ol)jcct. ‘J’l)is i s  about wllcre tllc silllilari-

tiw l)c4\vct11  tllc t}vo f i r e b a l l s  c]]d.  IIcforc cliscussiTlg the
it[l[)lica[io~ls  of IIorovipka and SI)urll~’s  resul ts ,  1 list tl~c
(li{l”crellcc~ I)ctwcerl  tllc two firclml]s tf]at a r c  r e l e v a n t  t o
IIIC ])rcscl]t  Ioj)ic:

(i) SLI,IIava’s  Iu,],it,olls trail Iwgal)  at 99 k,,,, wlicre t],{
clytla]llic  l)rcssurc rcacllcd A? IIll)ar atld tflc  atlllos])lleric
[)rcssurc }vas IIlercly  0.4 i/lmr; tliis w a s  ]Iiorc  tllall 8 fiJII
Ilip,llcr tllal) tllc llry,illllill~  of llel[e~ov’s  lulllillous  trail;

(ii) tl,c rate of SI]IJ,ava’s  t)riglltellill?, ill tllc early }mrt
of” tllc trajcc[ory \vas collsidera})]y  stcc]wr, s o  tflat at  atl
alliluclc of w75  ktll above sea lcve]  it was already i[ltritlsi-
ca]ly Ibrip,lltct ttml~ llcl IcSov t~y almut 1? loa~liitudes;

( i i i )  (I)c (Iiscrcjmllcy bct}vcel]  t}lc tcrlllillal altitudm

of {Ilc t w o  firclJalls  }vas ]Inrllcnse: $’utllava  left, IIo lutlli-
II{JUS trail Iwlow  al I altitrlde of 59 kIII, wllcre tile dy]la]l]ic
I)rcssurc w a s  ]icar 1  t)ar aIId title atr[[osi)hcric  J)rcssur-c

O.?F) flll)~ir;  l~clIc{o\’, 01[ tlic otllcr IIarld,  w a s  sul)jccted tc,
(lyllall[ic l)ressurcs of uI) to 90 b a r s  ( t h a t  i s ,  two  orders

of IIlagrlitucle  higl)cr tllarl $ulnava) alld was visible rfolvrl
to all altitude of A17 ktll,  w]lere  tl]c  atlttos])]lcric {)rcssurc
was l~car 90 II)txlrs;

(i\’) tl,cfircballs’ clccelcratioIl ~)rofilcs likc~$,isc cliflcrccl
dralllatically  froln each  o t h e r ;  Surnavzr’s  atr[los})heric ve-
locity clccrcased  b y  oi)ly  a})out  3k111/s,  o r  -.]f I ~)crce)lt,
of its initial velocity, betwml the altit Lldcs of 99 k[f~ arid
61 krll, just t)efore  itscorll~,lctc clisilltep;rtit ioIl;  l.)ycotltrast,
IIeneiov bcga~l to decelerate sLlt~starltially  at all a l t i tude
of al)out 35 krn and i ts  veloci ty  decreased t)y rllorc Lllall
16kt[l/s,orIt~orct}lall 751wrccrlt ofitsi~lit ial velocity at
9 1  krll,  by tllc ti]nc it pc~lctrated CIOWII to a]i a l t i t u d e  o f
19 fi[l”r;

(V)  the ligt,t curves of the two fireballs wcrw as dis-
similar as they could ~)ossibly  bc: Surrlava  disr]layecl  a se-
ries ofextrm[lcly h-ief flares (<0.1 s ill duration), with tllc
firct)all's Tlortllalizcclbr  iglltllcssexc  ccclirlglll a~lIit[lclc- ?0
during  its tllrcc ~rlost pro~l)il]ellt  o u t b u r s t s  but rcacttitlg
olIly luagllitucle - 10 durill?,  its Illi]lor  tcr]llillal f lare;  by
col~tras~,  licIIe50v  was t)riglttcilillg  I)lore  s teadi ly ,  i t  ufl-
derwellt a llLlrtlhcr of flares of IIloderate altl~]litude, all of
wltich  occurred  at alt,ituclcs  below  45 km, arid  its t)rigllt-
rless jwakccf rlear tllc crlcl of  i t s  luttlir]ous t r a i l  c]uritlg  a
}lug,e tcrrtlirmlc xj)losion;

(vi) evcrl though the ffarcs c)f both fireballs clearly cor-
r e l a t e d  Wit,ll d iscrete  frap,rllelltatiorl cvcrlts, the alt,itLlc]cs
of tllc r[lost  prorllirlcllt o~les were  76, 74, 70, and 67 krrl for
Surilava, t,ut 42, 33, 31, arid  24k111 forllc]lciov, illLlstrat-
irlg  arlothcr  rlmjor distirlc(iorl  }Jctwmrl  tlIc  t w o  ol~jccts;  irl
additiorl,  tlte trajectories of several ilidividual frag, merits
of })cIIcFov were  directly olmcrved$  ~)rovidin?,  evidcrtcc for
tlicir siza}~le dirllellsiolls; f o r  $urllava,  or! tllc otflcr llalld,
nc) fraglllcrjts were detcctcd altd a trial-alld-error al]alysis
o f  tllc liglit  curve lcd l~orovi?ka  arid Spurrlj (1996)  to tile
corlclusion  that --45 pcrccrlt of the lost IIlam  ilnrl)ediately
clisilltcgrated irlto  loicrosco])ic r)articles;

(vii) wl)ile  fragl,icrltatior) was iln]mrtar,t duri],g t},c at-
rliosl]heric  flight  of cit, flcr ol)jcct, tile irlt[)licatioll  i s  t h a t
ttlc t~vo fireballs cxJwricllccd  grossly difl’crctlt  ])attcr]l:; of
II)ass  ai)latioll:  w}lcrcas  sig; tiiflcarlt  fractiorls of  lkrlc~olv’s

Tllaiti l)c)dy and si~)at.)lc frii?,lllcllts w e r e  losittf,  tl~cir tllass
p,radual]y  cluring  atrllos~)llcric  fli~llt  tllrougll tllcrl]lal al)
l:itic)]l,c}laractcriz(,cl  l)~ilrl Zll)latiorlc c)cf[icictlt o of~().01
s2/k[[i2  or less ,  suti~avaj f o r  wt~icll tl]c I)ulk  dcllsity  arid

ttlc eflictivc v a l u e  o f  u Ivcrc fourld  to t)e, res~mctivcly,
0.1 g/CI)13  arid  0.32 s2/krll 2 , l o s t  alrllost o]Ic IIalf o f  i t s
~)rcatrllos])licric  rllass i)] tllc rl)c~st ~miverful,  exlrclllcly blicf
outl)urst  at ari a]titudcof67 kltl atld additiorla14(J  ~Jcrcc~tt
o f  i t s  lIlass  irl the otllcr three IIlajor olltbllrs(s; rlcar]y  :1]]
of tlie rc]nailli[tg 14 ~)crccrlt. ~vas l o s t  })y cll]:isi-(,orltirl~lc)l]s
fraglllcrltatiorl  tmt\vecIl  tllc f l a r e s , witl]  tllc co]l(,ril)utioll

frorotl lcrl[lalal)latiorl beirlgcrltircly  rleglip,ihlc;
(vi i i )  IIomvitka ar]d Spur],j cor]clude tl,at tt,c SU,,,ava

firelmll  disirltc~rated co)n~dct{ly  at arl a l t i t u d e  o f  59kIII
al)ove  wa l e v e l ,  while  tile tcrrllil~a]  r]lass o f  lICILCROV
:(ltllo~]gll]lotrccoverc{l i s  esti]nated at alml]t 3 kp,.
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4.  AtllIos~jllcric. fraglne.l~tatiol~  a]~d t h e  t e r m i n a l
cx})losions

‘1’llc c l a s s i c a l  lnetcor  tllcory is Lascd  011 t,hc sitlglc-body
lf)odcl,  wllicl] Ilcglccts  fragJt]cIltatiorl,  eve~] t]loug]l  i t s  oc-

1r-urrcllce  II] IIlct, eors las Lcen  recog[liy,ccl for a long  tirrle,
‘1’llc first sys~erlla[ic  investigatiorl of  progress ive  ~tlct,cor
frzlp,lllclitati{,tl  was corlductcd hy Jaccllia (1955)  irl co]i-
Tlcctiott wit]) IIis aTialysis  o f  tllc socallecl ~ai){t-n~ctmr
or~o)l~a~y, wllicll  ]vas very strollgly pronounced  olI Su~wr-
Sc]lrllidt ~)}lot,ogra~~lls of rncteors, es~)ccially  of shower rnc-
tcors (SLICII  as the Giacohi]licls, i.c ., meteors of urlc~uestiorl-

al)ly cor]lelary orip,itl).  ‘1’hc ]~ccwliarities  list,ecl t)y Jacchia
fot- tllcsc rlleteors, wltosc  tyl,ical J)rc/ltrllc)sJ)llcric  Ioasses
were ill (IIC sul)g,raril  range, can IN surllrrlarizcd as follows:

( i )  tt,c crt,served  dccelcraiior) ilicrcascs lIIuclI fast,cr
tlIat I ]~redicied  by a single-body theory, illl~)lyillg  extraor-
(Iit]arily IIif, ]l rates of rrlass  loss;

(ii) tl,e iltitial },ar-t of tile ligl,t curve is so]l,ewl,at  ir-
regular  ar id  extrclllely  stcc~), with tl)e  irltrillsic  briglttrless
ilicreasirlg ofic]l  a cou~)le of l]lag[titudcs in less thar]  0.1 s,
})ut ttlcre arc r!o ltlajor flares;

( i i i )  tlIc  sl,utter I,rcaks lmco*,,e  ~)ro~;ressivcly  r,,orw2

ol)litcratd  a]orlp, tlIc j~ilotograI)llccl  t r a j e c t o r y  urtti]  tllcy
clisai)I>car  ctltircly, leadirlg to a virtually corltirluous trail;
w]lcrl tliis lrar]sitiorl, usually referred to as tc7,11LifLaf tJlc~td-
i)~g, occurs rather al)ruI)tly, it is always accoln])arliec]  by
a suddcrl dro~) ill tile ve loc i ty .

1 list  Jaccllia’s  diap,llostic  Sigilatures  o f  lnetcc)r  frag,-

IJlcriiatiorl ill d e t a i l ,  b e c a u s e wit]] OIIC readi ly  undcr-
st, ooc] cxcel)tioll tllcre are star[,lirtg siltlilari Lies l)ct~vccn
Ilis descriJ~tior\  o f  tllesc ])l}elloillelta  ill sul)gralll  ~mrtic]cs
afld  tllcir accoor)t  l)y IIorovipka arid SJJurll~  (1 996) in tllc
Si]ll]ava  ol)ject, wllosc  ~Jrca[lttosl~llcric  rllass lvas .scu{r~ or-
{Icrs of IIlagllitudc grea{er. l])dccd, one  of  llorovi~ka a]ld
S])llrllj’s f i g u r e s  sllolvs  that a sirlp)le-t,ody  theory (tlieir
M o d e ]  :~) ovcrcstitllatcs ttlc ve loc i ty  at altitudes below
W(KJ k!!!, colisiste]lt,  with Jaccllia’s ~)ri~oar-y fraglrlctltatioll
sip,llat, rlre, Next, ill tllc early lmrt of Sulllava’s trajectory,

ill tttc altitlldc ra]ige  frolil 84 kJTl dowrl t o  76 !itn,  ttlc
firclmll’s illtril~sic  brip,lltliess  i s  found  by  }Iorovitlia and
Sl~urllj t o  tlavc  clirl]hed,  solllc~vhat  irrcgular]y,  a t  all av-

.>O ,,l:i~,/~,  ap;airl very close tO w h a tt,rar,e  rate Of ttlK)Ut -
Ja~cliia  CO]ICIU(ICCI  for tllc S\l})cr-Scl~lllidt  IIlctcors. A I  Id ,

fi]lally,  Ik)rovi?lia  and S])urll~  btate s])ccifically that tltc
stlltltcr IJrcatis  are  corlll)lctc]y blul  rcd toward the  crld o f
[IIC (r:ljcctory, ill I)erfcc{ corrcs]~o~ldellcc  >vittt Jacc}lia’s
tllir(l fritq,[llcl]t[itioll  si~,llaturc. ‘1’IIc only  cxce])tiorl  is that,
ulliikc (I)c s]llall  SuJJcr-Sclllnidt Itlcteors, t.tlc Su][lava  firc-
Imtl {liSllli!yC(l  lll{~jor  flares ill (Ilc  sccor,d  }Ialf o f  its lig)llt
cllrvc, ‘1’l)c al)sc[ice  o f  suc]l flares is  ille faint [Ilctcors i s
Illl(lllcsiic,tlal)ly  dllc  to tile fact, ttlat frap,lllelltzltic)ll  ra])i(lly
colIs[llIIcs  IIearly  all tllcir lllass, with 1)0 a]j])recia}jlc  resid-
Ilal lllilSS  lef~ to tri~,p,cr suc}l f l a r e s . A  rlt{(.jor  conclusion
l)ilSC(l  olI ttlc  lis[cd  sittlilarities I)c tw’cel l  the fairlt  IIletcors
at~d tllc Su]lialm  firch all i s  that III( jrofl)jt(  )~tofio)l si<g/la-

tul’cs rll’c, Crccpt jor t}lc

the inlpactor’s  moss.

jlarw, csscrttially  if,dcp(ridrit oj

‘Jhrrlillg  to tile }ICJIC+OV  f i rebal l ,  the  aI)J,licatioll  o f
tllc s ing le -body  tllcory was IIow fourld  by IIorovi?ka  arid
SI)urlt~  to be l[~orc a~)pror)riatc, s o  t h a t  tllc colll~)arisol)
w i t h  the bcllavior  of fairlt, rnetcors is sU~JStarltia]]J’ l e s s
favoral)lc. i n  p a r t i c u l a r ,  tllc sltutter breaks of I)otll  the
rrlail~ body to tile point of its f[rst breaku~)  arid  of several
of its fragrner]ts ur) to the ctld  of their trajectories were
easily recognizable and for t,hrcc  frag]llcllts tltc rllcasurc-
rllcrlts  COUICI  s u c c e s s f u l l y  tJc mlalyz,ecl by ll~ett]ods  of t}le
sirlg]c-body t h e o r y .  AIso,  ]]er]ciov’s ]ig]lt  curve ill t]le 1]1)
~mr ])art of its trajectory was very slllootll allcl the rate of
briglltcllillg  Iilucll  less steep tllalt for Sulllava. ‘1’}112 obvious
ccl]lclusiorl  frc)]o ttlcsc colnr)arisorls is  that  fragnlcntatiorl

oj llcrIcSmI was .whtcrntially less scmrc than jrc/glncflta-

tiofl oj SuJJLotm arlcl tha t  t}le nlodc of fraglllclltat,iolt was
cliff ’ercrlt for tllc two o})jccts:  ?~~os.!  o~ S;u?l)aua’s  TJLOSS  disi!l -
tC~l’{ltd UhUptltJ illtO 7t12CTOSCO])iC  dCbTiS ill [1 jC’U1 iSO~(I!d

ctlc7tts, ti)}li~r ]Jcticjol)  v)as ])7.i7[/a?.i/y b?ca~,iftg ti]) itlto dis-

crete, mcJjm.  jmg}nct~ts that contir~ud  to ablate. ‘J’lle fjairly
successful a}~plicatior]  of the sirl~lc-body tllcory to solne of
l{e]~ckn’s  fragrnent,s illl])lics  ttlat tllc role of frap,fllclttatiorl
re la t ive  to  melting arid cvaporatio]l ill tltis irlll)actor’s ah
latioo ])roccss  was riot Ilcar]y  as dolrlillar)t  as it was ill tl)c
case of $urrlava.

ltvcrl  tllour,ll  IIorovitka and S])urrlj (1996)  a r c  t~y Iio
)Ilear)s  tile flrs[  ol]es  to ellll)l)asizc tlic do]ilirlallt  r o l e  o f
fragtl)clltatioll ili the al)latio~l  of fircba]ls, tllcir rcsu]ts oflir
all c~tr C1ll C]y COrll I)e]]irl F, i]l Ustrati OTl  of t}l C fra~, Ill Crlta  (iOIl
eff’ccts. ‘J’lle aut}tors Sl]ow that the  I)roccss  of frap, rrle[lt:l-
tion cle])crlds  cr i t ical ly  OII tllc ilt)])actor’s s{ru(’turt;  tlicy
c l e a r l y  distill guis]i  bctwccll clilasi-cotltir~~lo~ls  frap,tilc~ltfi-
tiorl  and what  1  J)rcfcr  to call discrete-c l,erlt fra~[licllttk
tior[;  aJId tllcy illtroducr a sil[lJ)lc,  b u t  ]wfvcrfu]  col)cc])t
of clestructioll c]el)th to facilitate the llul[lerical IIlodcllillp,
o f  the d i s c r e t e  evcllts. llorovi~ka  allrl  S~)urrt~ thus  cotl-
tri})ute sigtlificarltly to tile ulldcrstar)ditlp, of attllos[)lleric
frqyl]crttatioll of Illassivc firclmlls, cxlmtldillg  tllc results of
tlte earlier itlvcstigatiorls , SUCII  as t]lmw 1)~ hlc~;rosky  illl[l

(~c~)leclla ( 1 9 7 0 ) ,  hy Grip, orya)l  (1976,  1979),  I)y Novikov
cl a/. (1984a,  1)), and by rGcI)lcclIa et a/. (1993), to list a
f e w .  ]Iowcvcr, it slIould  t)c rclllarkcd t h a t  only ttlc tccli-
IIiques  b y  [;eJ)lcc}la  C( 01. a]ld  t)y l~orovi~ka  arid  SI)rur)l~
a d d r e s s  riot o]lly  the c~(]:tsi-colltil[tl[jLls Itlodc t]ut also tile
discrete-c  vcr]t rllodc  of frap,[llcllt:itic)tl,  It slIould also l)e

rlc)tcd wi th  rJtuclJ rep; ret  tlla~  ttle II)ajority of tt]e irlvc,+ti -
gators of ttlc Sllc)c}llaiier- l,cvy 9 i[[i~mct  cvcllts f a i l e d  to
accoullt  for atlnosJJhcric fr{~p;tllerlt:ltiorl altop,  et]lcr, }Vllicll
i!levita})]y  resu]ted ill glross e r r o r s  o f  tllc cxJ)J(Jsioll iiltj-

tudcs alld il[itial It]asscs  o f  tllc cor[lct’s frap,~llcllts  (c,g,.,
h4acI()\\ar)clZa}l)lle 1994, Za}1111ea]ld hlac low ]994).

lrl tllc f i rs t  a~)J)roxilr)atioll,  it is urlt]cccssary to a])])]y
ally cliit)oratc tectllliqoc  tc) acccjullt f o r  frt~p,lllcrlttiti{~l! o f
a  f i r e b a l l .  lrl ttle field of rncteor p]lysics it is }vcII ktlowti
(e.p,., rGeJ,lec},a  ct 01. 1993) that cflicts c,fcjll{,si-cc,  r,til,llc,Lls



fraglllctltalio]l call  dkctivdy  be irlcor])orated i~l t]lc  ab
latiol] cc,cflicir’r,t,  }vliicll i s  illvcrscly I,roportiona] to tllc
slwcific  llcat o f  al)la(iorl.  I f  Q ~valll Qi))dt,  ~11~1 (?frglll  are,
rw}wctive]y,  tllc sfwcific  h e a t s  o f  cval)oratioJl atld II Iclt-

illp, al]d  the mmgy required for brcakiug oft’ a unit lnass
l)y fragll]clitatioll, at) “cflectivc’> ablatioll cocflicicllt  oeff is

;(l)l)r{).~i~]ja(ely

A,,,elt f~frg[i)
“c’’a”  -1  -Ocf]  w -
Qevap Qmlt

-1 -
Qfrg,,i  ‘

(1)

~v]lcrc Aeva[,, Ar,,clt, altcl Afrg,,, a r c  t h e  corrcspoudillg ef-

ficiency coefliciellts. Analysis of observations of ]uassiw
(ircl)alls slI(Iws that for ]nai,y of tllelil, especially tile brittle
O]ICS, of coltletary orip,ili, tllc last terl[l OJI Lllc rigllt-ltalld
Mde to ta l ly  cJolll)llates,  hccause Qfrgr,, << (Qeva [), Qnldt);
this of course is the csse]lcc  of the statement, that crlTt~o-

sj)}lcr’lc frogla ctlt of ioti OJ such  i?n]mctol.s  SAOUIC1  ~jf~clcl.  lJO

ci7<~lfffst[~~lr{s  & IImJrcicd.

‘1’tle  results of ]Iorovi?ka and Spur)I~’s  (1996)  allalysis
of the Sulllava fireball allow ol]c to Inakc irn J)ortallt illfcr-
CIICCS o]] llle relatiollsllil) bctwcell discrctc-event fraglncll-
tatiou slid (Ill:isi-corltillllo[ls  fragrtlelltation, (;o]llpariso]l
o f  tllcir tflree al)latioll  luodc]s for  the flrel~all  shows  t]lat
t}tc  V81UC  of the al)latioil coeflicicllt  carJ always be adjusted
SC) t]lat all I[]ass  ]Ias co]] tf)lclcly Lcell  atjlatecl t~y tlIc  tirnc

tllc tcrrtlilliitioll  J)oillt, of the light curve is reached, WIICJI
i t  COIIIm to ttlc  tcrl]lill;]l-altitllclc (Ictcrlllill:ltioll, the  vir-
t ual cquivalcllce  of ttle two luodm of fragilleritatioll call
Iw i l l u s t r a t e d  by IIorovitka al]d  S~,urrlj’s aj)],licatio]i o f
tl]cir discrelc-cverlt  frtip;ltlctltatiorl rrlodcl  f o r  SuT[]ava t o
tile ]l~ic]ei of colllet  S]]oc]llaker-  levy 9. ‘J’}Ic ter~rlinal  alti.
tll(lc,  so]JIc 40 kl[l alwvc the l-bar level that the two au-
t Ilors  derive, practically coillcides  for ot)jccts of tile sallic
si?c  a[l(l l)ulti dc]lsity wit])  tllc rcsu]ts o f  Sckalli]hs  (19!) 3),
wllicll  were  lmwd  011 tllc c] L]asi-corl titl Llot]s fraglncl)latio]l
~ll)f)roxi]]l:ilic]ll (cf. Sec. ‘i fc)r lnorr collllllcrlts).

l;vctl t}lt)up,ll  t h i s  al)j~roxilllatioll Illatclles  tllc terllli-
Ilal a l t i tude ,  ]Ioroviika and SJJurn~  stlow  Ll\at lleittler t h e
fir(’l,illl’s  CIccclcratio]l  [)rofilc  IIor its ligtlt curvp  cau be sat-
isfic(l I)y sl}cl) solll{iolls.  Nrvcrlttelms,  it is sigllifica~lt  ttlat
LIle cff’cctive  alllatio]l  cocfJicicrlt  o  t]iat tllc two  auttlors
find f o r  Slllllava, tJ.32 s2/kl112, i s  corll]laral.rlc  wit]] if
1101  solllc\vllat  lli~,llcr tlIa II (IIC c}iarackris~ic  va]uc  0{ o
profmsed I)y (;cl)lcctla and McC1rosky (1976)  in tl)cir classi-
ficat  ion for tl)c  1111) ~,rou]) of co]lletary fircl)alls of collsidcr-
al)l J’ .>lllallcr  IIiassc. s. ‘1’llis result collfirllls that jroglncnto-
/io)/ oj cof)tftory ol,jccls duf<5  )~oi kron~{’ lCSS  i?tlj)orto?lt  CIS

//l(i/ l)loss  it~cms(s and that its sip,liificallce  lnay ill f a c t
I,c CVCJI  ltlorc do]llirlallt  f o r  slll)kilc)?lletcr-sizccl  a]ici larger
col[lc(s. ‘J’ogetllcr  \vittl  llorovi~ka  and S]~urlJj’s  indicatioll
ttlat a b l a t i o n  o f  v~ry Illassivc firct)alls by fragltlelltatioll
clcar]y ~~rcmd(s tllc dcccleratio~i oftlle tftaitl  rc+iclua] l[lass,
!Ilc irllf)licd  sccllilrio sl]ow’s t IIat ])dijic jl.(ifl))lc?lt(l(io)~ oJo
‘Zsofl 1’ i)t)]mctol of cor)lctor!)  notuw ricccssol,il!y  O1 1OWS orlly
o  s/I/a/l jtflctiofl oj (Itc }Ir( a(mos])ll(r’ic  71/ass O)ld l}Jc7  f’-

Jon o  sIIIoll  jmclion OJ l}IC j,lcuirtjosj,/,cl.ic  c11c7gy t o

lm7ticipatc i~l fhc  tcmirtfd cq)fosior~,  if ally res idual  Iilass
is at all available for t}lis cx~)losion.  l[ldecd,  liorovi~fia and
S~)urllj  s h o w  tliat Surrlava’s lutl)i~lous  fli~llt tllrougl] tl)e
l;artlt’s atr[)osj)hcre was terl[iittatccl  by o]lly  a l[iirlor  flare
t h a t  probal)]y iuvo]vccl  a rrlass  of a})out  12  kg, or so[lie
0 . 2  I]crccllt  of tl)c  object ’s  ir[itial rllass. ‘1’llis rncalls t]lat,
$ulnava was Ilot  a sufficiently rl)assive co]llctary object to
gcllcrate a J)rolllillellt ter][iillal ex[]losio]l.

l’;viclerlcc frolll  the  col l i s ions  of  the nuc]ci  of cmnct
Shocrnakcr- l,evy 9 with Jupiter offers a J)ict,urc  t]]at, is
Coil SiS’tCllt  w i t h  tliis conclusiotl.  11] J}articular, it is  well
knowII  tltat the observed cjmta f)lu~l]cs w e r e  gerlcratecl
dur ing  tile exljlosiorls  of o]lly  tile most r[lawivc arllolkg  tllc
illl~)actors. ‘ J ’ h e r e  i s  IIO cloubt  tflat the less  rllassivc tlLl-
clci I)rocluced  ejccta plu]nes o f  their OWII, but toe} little
IIlass  was involved to be dctcctedi As already IIlcntioltrxi
ill Sec. 3, the exJ~losioll crlcrgics resl)orwit~lc  for the Inost,
sfxxhcular p l u m e s  Ilave  LCCII esti[llatcd at u~) to a few
ti[rlcs 1027 ergs, so that tlke involved masses were  close  to
10]4g.  ‘J’lIc res idual  Inass iil a I)]UII]C  ~[lay ]Iavc contained
o~ie or a few percent of tile ]~rcatrliosl)}leric  II)ass,  collsider-
illg, that the largest nuclei were up to 4 kl[l ill diar[leter arid
allliost IOIG g ill mass, as derived frolll  t}lcir  i]t)agcs taker]
w i t h  tile lJubblc  SJ)acc ‘1’clesco])e J)rior  t o  t,]lcir illlf)acts
(Sckariilta  1 995).

lt thcrefare a]) JICa!’s ttlat t]lc  ll”lass o f  a ~)reCi})itOllsly
frap,l[lcrltill,g  corlletary ir[l])actor that crlters tlic atluo-
sp}lcre  Of a p]arlct, SUC]I  as t}lc ]’;ar~h or Juj)itcrj  aI)parellt]y
IIcds  to k ]nore tllall 1014 ?, ill order to  t r igger  a  I)ower-
ful cxI)losioll  near the clId of its trajectory. l,css I[]assive
colnetary irnl)actors clissif)at.e  the Itiass erratically duri]lp;
t h e i r  atrliospllci-ic  fligtlt, etldi]lp, Uf) \vitli  lIo af)l~rccial)le
]tlass at low altitudes. IIy co]ltrast , a ]Iuril})cr of fireballs
ot)scrved  by both tllc };uroJJca]l  arid  the l’rairir Nctwmrks,
of estirllatecl illitia] ~llasscs  as wllall as 10’1 p, \verc  observed
to cxhit)it ]I]ajor ter]nir]a] flares. ‘J’llcir lig,llt curves were
clisp]ayed  ill l’a])cr 1 , }vtlcre it was  SIIOWII  that this  cat -

egory  of  fire{>alls was dolnillatc-d })y tllc IIlc]il})crs  of tllc
@)]ectla hfcCrosfiy  ’s (] 976)  c]assificatioIl tyj)c 11, usu:~lly
associated wit]] ot)jccts ofcart)ollaceous ctlol]dritic COIJI])O
sit, ion,  It also was Sllolvll irl l’alwr 1 that, ttlc critical acro
dyllarllic J)rcssure  I’K at ~vllictl tllc tyj)e IJ fircl)alls cx~)lodc
i s  ~i slmvly  varyillp,  ful)ctioll o f  ttlcir elitry l)las> al]d  ti]at
tllc value of }’1: for tile ‘J’utlp, usJia object sl]ol]]d  IIavc lXTC]I
w200  bars, lvitll  all estil[lated ullccrtairlty of :130 J~crccIlt.
At  all altitude of P-8 Ji[il, this dylla]]lic l)ressurc i)l]j)lics  a
]wc-exl)losioll  velocity ofat)out $ tiIII/s, itl excelle]lt ap,rec-

I[[cl[t witli ttle results l)y Zotkill and ‘J’sikuliii  (1966) PIId
t)y IIcrl-hlcua}le]ii  (197 L). IJecauw ot)jects of tile ‘I’u Itp, u!ska
size are liot  eflicielltly decctcratcd irl tile atll)osf~l)cre  ])rior
t o  tllcir tcrlilirlal exI~losiorl, tt]c  Io\v J)re-cxf)]osiorl  vel:)c-
iLy stro]lgly iril]llics  a  J)re:(tlllc)sl)llcric  Ielocity t h a t  oJIly
lllargillally excecdcd tllc ve loc i ty  of  esca]w, as is tyf)ical
for  as teroids  t}lat  circle tl[c  Surl irl ]ow-ecce]itricity,  lov.-
irlclirlatio~l  o r b i t s .  ‘J’l]is mutt corrolmratm tllc firel)all’s
]Jrc-cxf)losiotl  rl)ass  of 10 ]2 g (Sec.  2). With fraglllcl]tatioll



of a sto]Iy  ot}jcci  far less  severe tlIa II ill t])e case ofa cofllet,
a  fairly large fractio]] (I)erllal,s a s  IIIUCII as a fcw tetls o f
]wrcctlt) of tile ‘Ihtlguska object’s initial Il]ass  should 11.avc
survil,cd alIllosJJllcric flight ullti]  t,hc tirnc of tcrlni]lal cx-
I,]osior].  }Iettcc,  the r]]ass  of nlicroscol)ic dust that collta]ll-
itlatcd tllc II;arth’s  atl[los])llcre was probably a fcw tilncs
1 01 2  g, all arllou{lt  wrl]icb is coIlsisteIlt wit]] Gatlal)athy ’s
(1983)  indc])cIIdcIIt  cxti]nate and wllicll  a])parcnt]y is tol-
rra})le  ill l,tlat i t  caused I[lajor cc)litiller)t-w iclc, Lot  Ilot
glol)a],  atlllos})lleric exti[lctioll and scatteri]lg M’ects.

“l’c) ],ostu]ate tile colrletary hy])othcsis for ttle ‘J’utIguska
ol)ject IIOW bccor IIcs  lIIUW, bccawsc  tile ljrc-cxplosioll vc-
]ocity could  n o t  bc exJ,laincd.  IIlvcvl w i t h o u t  t h i s  f a t a l
flaw, tllcrc would bc other difficulties with the object’s
colllctary c,rigill.  IIecause o f  tllc ])ro]ific  ~llass dissij)atioll
(Iuc to ~)reci~)itous fragtncntatioll, tile fireball’s crltry l[lass
wol)ld  lIavc  })CCII a few tilnes 1 ()]sg or rnorc,  an ar[lou~lt  at

least OIIQ order of lnagtlitudc greater thwi for a stony olJ-
jcct. ‘1’IIc  (f,lltalllillatioll of the ltart]l’s atlllos])ltcrc  by rlti-
crosco[)ic  clust  would  h a v e  becll  corrcs]]cjndillgly  ~tlorc sc-
vcrc aIId could trigger exti~lctioll effects apJlroaclli Ilg ])ro-
]mrtiolls  of a truly global catastro])he.

As if all tllesc sllortcolnirlpjs  already were IIO! cIIougli,
ttte ltar(ll’s cc)llisioll wittl a  col,, ct tell  o r  ]norc tilllm as
l]]assive as a stoIIy asteroid would be an cve]]t  ]IIuch IC S S

likely for al, least tllrce rcaso]ls: (i) i,, tl,c near-l}arth e],-
virolllltcllt, tltc ]ml)ulatio]]  of cornets is stro]lgly dc]~rcvwxl
ill co]lllmriho])  wit]] t]lat of asteroids; (ii) tllc s[)at  ial dcll-
sity of all i]lt,cr})lzi]lct[iry  objects,  oII whic]l  the ])robl)ility

of a c o l l i s i o n  wit]] tllc I’hrt]l dclml  Ids, dccrcascs with irl -
crcasill~ lItass:  and (iii) tl]c  ltartll’s capture cross scctioll
rcacllcs its ]Jjaxil]julll  f o r  objcds  ill low-eccetltricity,  low-
illclil]aticrl[  orbits. Solnc  of ttlcsc points were already I[iadc
I)ricfly  ill }’a]wr 1 ; ttley l)rescllt I)rofoulid  statistical arp, w
IIIetItS ag,aillst  ‘1’ullguska  haviilg  bcc]l  a co]nct.

III sullllllary, fraglilclltz\tic)rl as tllc al)latiorl process

}VIIOSC  cflccts strollg]y discrilnillat,  c betwccr]  colnctlary altd
a s t e r o i d a l  firctmlls I)oittts uncqoivocal]y  t,o as teroidal

Iiatllrc of tllc ‘I’utlF, uska  o b j e c t . ‘Jo so]nc,  t h i s  evidctlcc
]l]ay  already t]r collil)cllillg cIIougl I. F o r  tllosc WIIO  rcrllain
Illlcollviltccd, additio]lal argllliicllts t)elow cll)ploy  cvidmlcc
(tlat is c]ltire]y itldcj)c]ldcllt and based 011 orbital illforlila-
tio][.  Yet, tllc reader will see that ttlc verdict is tile saf IIc.

b. OricIItatiolI c,f tlIc IIdioce]liric. orbit

OIIly oiic of tllc ‘J’uflgush ot)jcct’s ttlrcc orbi ta l  clc]llcrlts
(Ililt  dctert[litlc llIc  orictltatio]l o f  its }Icliocc]ltric  orl)it ill
slmcc  is Ji]I(IwlI  Ivitll v e r y  ttigll accllracy. ‘1’llis is tllc di-
rcc~iorl o f  tile lIo(lal  litic,  dctcrloillcd I)y tile t,ii[ic of fa][
a]l(l cllaract,  crizcd  l)y the loTl~)itudc  of the ascending  lIodc,
}vtlicll is cqoal to f> : ~~f)”.()~b for  t]lc  starldard cquiliox

of J? OOO. (). ‘1’llc otltcr tlvo all.gu]ar  clclllclits  deterll)ir]illp,
tllcc)rt)i t's()riclltat iollirl s])accarc clltallglc(l\vitll thc])cr-
illclio]l  dislatlcc slid tt]c  orl)ital cccelltricity tllrougll  tltc
f o u r  ql]alltitic.s:  tl]c IIcliocctltric distallcc at the Ilode  vf~,

tllc azirllutll AIL (rcckollcd i n  t h i s  ])aj)cr  frol]l  tlic gcck
gral)hic IIorttl  t]lrough the east) aIld  tl]e elevatiol)  h[~ ( o r
t i le  zeni th  distallcc q{) of the al)l)arellt radia~lt, al)d  tllc
J)rcatlllosj)}l(’ric  velocity. Of tllcsc, the bcsl dctcrll]irlcd is
tllc noc]al distarlce, rfl = 1.0168  AIJ,  followcc] by tile racli-
allt azilrlutll.

ltelativcly littlcat tclltior~lla  so\' ertllcyc:irst)ecri J)aid
to  argur[lcnts  for eittler or ig in  of  tl)c ‘1’urlgoska o b j e c t
b a s e d  0]] co~lstraints in tile orientatiorl of its hclioce]itric
orbit, ‘l’he fireball’s tirrle of fall arid  tllc gctlcral  direction
of its atlIlosI)llcric J[lotioll  was illtmprctcd indcpcllclclltly
b y  Zotkirl  (1969)  and  by l{resziti  (1978)  as evicler]ce  for
the  object ’s  associatiorl  with the ~ ‘J’auricl day]ig]lt  JIie-
teor strearu atld t h e r e f o r e  wit]]  l’criodic ~o]iict F;ncke.
};ven though this IIypothesis gained, ill its tilllc, sorncfa-
vorab]c publicity irl tllc scientific corn]llullity,  evcJI a cur-
s o r y  illspcctiorl snows  that, tile arg,urllcllts it is l)asm:] OJI

a r e  fli Tusy. 1 s}lowccl irl l’aper 1 that tl)c IJrcsurllIJtior]  o f
tile ‘Jhrlguska  object being a fraglrtcnt of };ricke’s  c o r n e t
i s  unacccptat.)le urlless  tlie diffcrcrlce of  56° t.)ctwcell  t h e
oricrltation o f  tttc o b j e c t ’ s  arlct tlic colnet>s  noclal  Iilles
is cx~)lairlcd,  wllicll  it is IIot by cittler of tllc two I)rojo
nellts. ‘J’ltcir corrlj)arison  of t}le ‘Jht IF,uska objec t  \vit]l  the
~rJ'a(lricls isill\r/l]icl,  i)cca~lsc  s!l)a]l  ltletcor()iclsi  1lzi ](J-’ig
range that  arc  dctcctccl by r a d a r  tec}illiqucs to JiJakc Ujj
tliisstlowerc  xI)ericllcc lrlucll  greater ~lc)~lgravitatio]lal  l)cr-
turt)atiorls irl ilitcrJjlallct:lrysJ~acc  ttlarl clc~rr]:issivct)oclics
of ttlc ‘J’ur Iguska  size.

‘J’llc absm!ce  o f  basic orhit,a]  sirni]arity bct}vcerl t]lc
‘J’ull?,us!ia c,bjcct  and tlicsbort-l)criod colllcts of JuIlitcr’s
fatnily  w a s  a r g u e d  ill l’a~)cr  1 oJi a I)lot  of a~ll)clioll  dis-
tarlcc versus tllc a]lF,Jc tl]at tllc line ofapsidcs Jrlakcs  with
Jlll)iter’s ort)ita]] )]zirle,Yct,  IJcvillallcl  IIrolis]tterl (1986)

. . .
coljsldcrcd tltc ol~jccl’s  colllctary orlglli still lm+sit]lc.  More
rcccrlt]y,  Arlc]recv  (1990) ca]cu]atcd a ratlgc of ‘J’urlg(wka’s
])ossib]e  IIclioce]ilric orl)it,s  a]ld  co]]cludcd t h a t  ttlc I]lost
]ikC]y Orbit iS aJl Apo]]o-tyl)c  O n e ,  iJl aF,rCCl]lC’J]t Wit]l t]lC

r e s u l t  ill l’aj)cr 1. “J’he ~)otelltia]  for coristrairlillg tllc oh
ject'sorbital  oriclltatic)tl is far frorlllla\'irlg l)cerl exl]austcd
a]id  ttlc issue is foi-tlier  exal[lirlccl  irl this scctiotl,

‘J’]Ic azitllut]l  deterlllirlatiorls of t]le  ‘J’u JIp, uska  firc]mll’s
aIJ])arcrlt  racliarlt IIavc all intcrcstillg IIistory. ‘J’}lcrc ]Iave
Lccrl esserltially tllrcc catcgoricsofa~)~)rc)acll  usccl, based,
rcs])cctivcly, olI t i l e  Jmttcrll c)f forest dcvmtatioll, OJI cyc-
witrless accourtts, aJld OJI ~ltodcllillg  ttlc ba]list ic wave. ‘I’l Ic
ear ly  resul ts  y ie lded l)y tllesc tcclltliqucs \vcrc  I)ul)lisllcd
i]) the 1960s aTId 1970s. ‘J’l Icy arc su]]lrllariz,cd  ill l’aj)er ].
‘J’lIc d e r i v e d  azinlot])s,  irl tile rarlgc fror[l  1 0 4 °  t o  115°,
lcd tor[lyacloJ)tiorl oftlleir cl~ar/lctcristica  \rcrLl~,cofll O0
ill I’a J)cr 1, wllic}l is Ollc of tile two values of tllc radiant
azirllut}l  usccl a~airl  bclo!v.

More  rccellt illvcstip, atio~m follo\ved  tww O f  tile tllrcc
averlucs  of study, the eyewitrlcss accourit,  s ailcl tl]c  cxtellt
of fc)rest clevastatiorl. III t}]cir ulxlatcd aualysis of cye\’iit  -
JICSS accourltsl Yjotkin  and (!lli~,oritl  (1991)  adtnit collsidcr-
al)lc  discrepalicics  anlorl!;  tllc rclmrts frorl]  tttc irldivid~lal



sources.  ‘1’lIcy  m)cludc tl]at al] azillluth of 126° yields t h e
I,cst  JIIatcl  I, wit]] a forll]al l-a ullccrtaillty o f  5 1 2 ° ;  al)-
ottlcr a]jJJroacll  clll])loyed  by tbelt] gives  120 °d-200.  011
tl~c other ]Iarld,  a  Illajor J)rogress  achievcc]  ill tllc l)ast
two  decades ill lna[)~)illg  ttle l~~ltterfly-slla],  c.cl rcgioll  o f
ttlc devasta ted fores t  (Itast c1 al. 1976, 1983) has led to
ail azitnutll of 99° for the lil]e  of axial symll)ctr-y,  with a
l-u error cstil~iatcd at Sigliificalttly less than 10°. ‘J’bus, a
s(’co Ild %talldard” value tttat is ador)tccl  f o r  tllc radiarlt

I l}c rerl]aitlillg two parall]c-azilllutll ill ttlis l)aJwr  is 100°. r ‘
tcrs, tllc radiatlt clcvatioll aTId tllc object’s j)rcatTilosJJhcric
vclocit,y,  are tittow]l l)oorly  and caI~ only  be used as  sof ter

cotlstraints. ‘I’l Ic radiant elcvatio~l slIould be restr icted to

a  rallg,c  l)ctwmi 5° and  3 0 ° ,  a s  discussd ifl SCc, 6.

l’or a givcrl a~irlluth of tllc aJ)parcnlt  radia~lt, the  fu l l
rallgc of solutiolls  that arc allowccl  for tile ‘1’utlguskd llc-
liocc[)t,ric  orbit CaII readily bc cxalllillcd  ill a plot of two
ort)ital C) CIIIel  IlS) tllc arF,Lltt]cJlt of lwrihclion ~) allcl the or-
I)ital irlclil[atioll i. l’or tllc t w o  v a l u e s  of tl~c a~<i~nutil o f
tllc a])J)arctlt radiant, Fig.  1 shows tllc allowccl  (w, i) colIl-
l,illatiorls as furlctiolls of tllc aI)llclioll  clistfil]cc,  wllicll  i s
related to tllc ]Jreat)tlos]>llcric  velocity, allcl ttle radiant el-
cvatiotl. II is IIotcd  that tllc clark-shaded area of allclwed
“colllctary” solutio]ls (for }vllicll al)]ielia arc bcyollc] 4 AtJ)

is ]JIIICII IJIc)rc r e s t r i c t e d  than tllc ligtlt-slladed area of al-
lotvcd  “ a s t e r o i d a l ”  sc)lutiorls  (fc)r whicli  a~)llelia  are less
tllatl 4 A U ) .  ‘J’his co]ltrast,  is fLlrtllcr  cllltallcccl  collsidcr-
at)lyl  WJICII  Ilic  areas of the solutiolls allowed for ttle ‘I’u]l -
p,uska ol)jcc{  arc colll]>arml  w i t h  tllc kIIow]I cor[)ctary and
zlstcro  ida] lmI)ulatiolls. ‘J’llcsc colnI)arisolls arc presc~ltcd
ill Fig,s. 2 6, wllicli a r c  ]Jlots  of  tllc orl~ital  illclillatiorl  r ’
ap, aitls( I}lc argulllcllt  of Iwrilleliotl U, or k}-1 180°; Ilclt cc,
OIIC d o t s 1)01 distill~,[lisll  Iwtwecll  tl~c pcriheliol}  ~mi~lt
locatiol)s  al)ovc  o r  I)clow tile ccli])tic. ‘J’lIc short-Iwriod
c(~tl)ets arc talicl  I frolo  a rcccllt cat.a]ogue by Marsclml  and
\Villial,w  (1995), wl,ilr tllc asteroid sal,,~,les  arc tl)osc fro,,,
t]lC U]d:lt(d  fi~i710/’  ]’[071C{  ~’CJltfJ’  ])Zl~CY5  011 t]lC’ \~70r]d

\Vidc Wret) (NfardcIl 1 996).
l~igurc ?  is a  I)lot o f  all t}lc sllort-jwriod Colllcts  ( o f

a I I  orl)i!al Iwriod  lcw tttall 2’00 yr and regardless of ttlcir
I) Cri]l C]joll (]j S(all  C(’), WI IOSC’  (Jll)jta]  jllC]jllatjOfl  jS ](%S  t]lall

!)OO.  ‘1’11(’ O})j CCt  S Ol)scrl’ed a t  I[)orc  t,l)all OIIC rct,llr]j  t o
(Iic SUII  arc dis~ill~,(lisllcd  frw)t~ sill?,]c-a~)])aritioll  orlcs.
‘J’}lc ])lot Snows  tllc well-k]Io\vJI cotkcclltratio]ls c)f tllcsc
colllcts for t]tc  arf,utlldlll of }wril)clioll  near J 80° aIId 360°

.,
(c’ .?,., I’orlcr 19fj,’1), illl (’ficct t.llat  i s  a I)rodllct,  o f  F,Ia\,-
itatiollal caI)lurc I)y JuJ)itcr. \’alum of tltc arp,ur[lcllt  o f
l~eri]l~]iol, rlcar {)00 al](l 2 7 0 °  arc J) Ossil)lC  O n l y  f o r  tllC’

,l~ll)itcr-f:illlily  lllclJilwrs  of cxtrc!llely low orl)ital irlclilla-
ti(llis  and for Colllcts  whose  al)llclia  are  s i tuated far  lW
yotl(l Ju]]itcr>s  orl)it (and Tvltosc  o r b i t a l  ]wricds are tllcrc-
forc  >>6 yr). ‘J’IIc ol’crlai(l  a r e a s  o f  a l l o w e d  collletary SC)
]utiolls f o r  tllc ‘J’u])p,uslw  ol)ject c l e a r l y  occu~)y tllc rc-
p,iollsoftlle (w,i) l)lot tl]at colltaitl \’cryfc\$’  sliort-l,ericlcl
colllcts.  ‘J’IIc o]]ly kIIO)VJI coIIIcts  wlIose  locatio]]s  0 1 1  tllc
])!ot  are Illillp,illally  collsistcitt, \vittl  eitl)cr o f  tllc t w o  al-

]owccl col[lctary solut,io]ls  ul]dcr co~lsicleratior]  o r  wittl
intcr[[[ccliatc solutiotls ( f o r  wllicl~ 100 °<.Alll<ll OO a]td
wllicb  arc not j)lottecl)  arc  24})/Sct)auloassc, 641’/Swift-
Gehrc]s, 66} ’/clu  ‘Ibit, 891’/ltusscll2, a]ld  931’/I,ovasl.
“I’i,cir l>cri},clic)ll c]istallccs  areljct\\,ccl, l,2AlJallcl 2,,3A~J
a~)d all arc irrelevant as [)otclltial terrestrial illi~)actors.
‘J’he o b v i o u s  cor]clusio]l  is t}lat the (~~,i) l)airs coIlsi,<tcIlt

wit]l  [IIC colr~ctarysol~ltiolls  allowec]  for ttlc ‘J’ulip,  uska  ob-
ject are not ty~~ical forcolnets.

h’ig,  urc 3 is a I[iorc  rcstrictccl sam~)lc  of sllort-~wriocl
colrlcts, contai]]illg oIIly the objects }vitll a jwri}lclioll  dis-
tallcc of less  tklart 1.2 AlJ, wi th  all orbi ta l  J)criod  of ]css
tlla]l 30 yr, a]ld  with all iliclitlatio~i  of less tlial) 40°. ‘J’IIc
character is t ic  dcpcnclrulcc  of i or] w is cx~)rcssccl eve]] Inore
I)rortlilleIlt]ytllaTt ill }’ig. 2ancl isscc]l to  followc]osely  tllc
rclatiolisllil)t>ct\\cel~  tbc two orbital clcl[lellts,  cliclated for
t]lclltotio~~  of] ’;rlcke’scolilct by t}lcJoviz([lsccLl]ar pcltur-
batiorlsovera periocl  of3400yr  (Jlrouwcr 1947).  OJI t h i s
plot, t}lc two areas of t,ltc allowed co~llctary solutiolls arc

s i tuated crltircly outsicle  the bootlclaries of ttlc regic)tl ])o])-
ulated by the rclcvallt sliort-period co]llcts.  ‘J’llis lack of
corrcs[)olldellcc is strollg eviclcl)ce  agaitlst collletary o~i,girl
of tllc ‘lhllguska object.

A  v e r y  diffcrcrlt  scerlario is ])rcwritcd WIIe  II tbc areas

of allowed astcroic]al so]utiorls for t]lc  ‘J’un?, uska  ol)ject arc
corn I)ared  wit]) tl[c  Jwl)ulatiolls  of  l;artll-aI)J)rc)acllillp,  as-
teroids.  l)igurc 4 cor[l])ares  the (u, i) coll~biliatiolls  i~ii~>licd
by s u c h  ‘1’urlg,uska  so]utiotls  wittl tlIc  kIIOWII  Ajml]o  aster-
oids  whose  orbital iTlclitlations  arc slnallcr tllall 50°. It is
IIoticecl  that ,  co]it,rary  to the saln~)le  of t}le sliorl-Iwriod
corrlcts,  the (w, i) distribtri,ioll of tile A1)oIIc) asteroids ILas
ga~)s whcrl  tlic argLlttlcllt  o f  ~mihc-lic)ll is IIear  1 8 0 °  a]ld
360 °, but tllattllcrc isar, abur,dattce c)f tllc A])ollos,es
J,ccially at illclitlatiorls i<25°, fortllc itlterlllecliatci,:~l[lcs
o f  k~, ill ~mrticu]ar rlcar 90° at[d 270°,  wttcrc corr]ets are
Scldotll  found.

‘J’l[corl]ital elcI1lclltsofz\s It]al)yas four dozeli  (!) OIJ
jccts fit irl k’ig.4  t]le  a r e a s  o f  ‘Jhllp,rlska’s  a]]owecl asl,cr-
oidal solutior!s. in f a c t ,  tile areas corrcsImllcl  to soIIic  o f
t}lc licavicst  collcclltratio~ls  OII t}lc (LJ, i) ])lot,  l~roltl lig. 5
C)IIC call  see ttlat CVCII  a few AteII a s t e r o i d s  s a t i s f y  ttle
c o n s t r a i n t s ,  Cvcll thoug,l] tllcy arc, rare altop,et]ler.

‘~’)Ie ll]c)st rclcvallt  saltt~)lc  o f  c)bjccts to exalni]lc  f o r
a  corrcslmrldcllce witl~ tllc areas o f  ‘i’~lll?,llslia’s allmvcd
a s t e r o i d a l  Solutio)ls  is that of tllc ]~o(c)itiolly  }~o~(lrdot~s
aslcroids (1’ II A s ) ,  dcfillcd  t)y Nlarsdct]  (1996)  a< t}lc {)1)
jCCtS  \VllOSC  llli~lit[’l(lill  ~)OSSjl)lC diStall CC fJOlll  ttl C ];a J’t,]l’S
ort)it dots  tlot cxcecd  0 .05  AIJ.  ‘J’Jie (LO, i) distril)o(ioll  0 1 ’
89 larger J’IIAs is I)rcsc]ltcd  ill l’ig.  6. ‘J’IIc r e s u l t s  o f  ttlis
set’s col]ll)ariso)l  wit])  the areas of allowed asteroidal solu-
tions for ‘J’ullguska  arc sill)ilar to tllc results dcrii’cd frolll
ttlc sarnI)lc  of ttle AI)oIIo  a s t e r o i d s  (lip,. 4). Atmut tllrcc
dcmrl of tbc 1’11.4s satisfy ttlc collstraill(s, thus ]Jrovidirlg,
st, rollg eviclerlce  that tlic ‘I’ullp,  uska  ol)ject,  \Yas illdccd OIIC
o f  tllme illtcrlo])crs that ill 1908 lmcal  IIc dcadl~’,  ratl[er
ttlatl rnercly Jmtelltially ]wrilous.
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Fig. 1. Allowd c’oHlbilmtioI!s  o f  t}w aIgUTIICIIt.  o f  perihelion  w ad ttw indirmtiwl  i o f  the hc’]iocclltl”ic  o r b i t  o f  t}lc’ ‘J’uIIguska
object  as functions  of ttle  C]cvatioll of the fi!etml[’s apImer]L rac]irult mtd the o}ljcct’s a~]}lc]ion c]istrmce. LJIumr  j]alw]: t}w a r e a
of t,l It alloivccl  solut  iof~s fo] tl,v azili,utl] o f  Ll]c a~,l)awI]t  radial,t o f  1 1 0 ° .  l,owcl ]~a],cl: [IIC ama o f  t},c allolvecl  so]utiot,s  (\uit}l

alllmviattxl  cal)tiolls)  fol LIIc rwirautll of 100°. ‘i’l Ic heavily slmclcd  areas rcfct  to t}le  allowecl  solu  Lio IIs awunlirlp, co II IcLrwy IIalore
o f  tlIe ‘J’~]l]~,\]skn  ol>jcct  (a]>llclic~]l  beyo~lcl 4 AU), tllc lig}ltly s}ladccl areas relate to tl]e allowed solutio]ls  assulrlillg  a s t e r o i d a l
11/Lt o]< (aldwlicnl wit}litl 4 AlJ).  ‘I’l Ic clcwatio]l  of the a[~~)arcvlt  racliald is it! eitlm  case cc)]lst]airmcl  to values t)etwcc]l  5° aIIcl 3 0 ° .

6. T’lIc’ aI)I)arcIIt r a d i a n t  elevatiol]

‘J’IIc collstraillth  (Ievclo])cfl  iII Sec. 5 for the orimltation of
(}IC Ilcliocclltric  orbit o f  tllc ‘lh[iguska otjjcct  %vcrc SIIOWII
(0 l)c relatively srllsitivc to soft  cotlstrailits ill ttlc clcvatioll
of tllc Zl])])il~Cllt  ra(liirllt,  ~vllicll  is tl)c  i s s u e  cliscussccl  ill t,]iis

SCC1 iotl.

\~alocs for tlIc ‘J’u IIgI,  IIslia’s  radiat]t  e l e v a t i o n  o f  lIot

]l)<lt’C  tllilll 3 0 °  llt\VC i’CCClitl~  })CCII  :l<l\’C)Cat  CCl I)y IJcvi]l  Elll(l
llIoIIslItcII  ( 1  ~86), by Zotkil] aIId ~lli~,orilt  (1991),  and hy
llI(,IIs}IteII  (1994), allloll~otllcrfi. CJllly  Korobcirlikov {f 01.
(1992)  cc)tltilluc  to I)rcfcr  a racliarl! clcvatiori of 40°.

1! i s  illllx)rta[tl t o  ctl)l~llasi~c  tlmt i f  tile tr{~jcctory
of t}]c ‘1’urlg(lska firc}m]l were  relatilrely  stccl), the de-
tection area f o r  oI)tical l)llcllott)ella durirlg atlnosI)llcric
flip,lit tvoulcl nave Iwcll scvcre]y rcstrictccl and its al)lmr-
CIL(  ~)rolllillcllce  a t  l o c a t i o n s  u~)- and dowllrallgc  its tra-
jectory r e l a t i v e  (c) tlIC c~[)icelltcr wc)u]d IIOt be as strikit]g

as t}lc eye~vitllcss  accou]lts  ittclicatc. ‘J’llis is so because IIo
firchall call  a t t r a c t  Olic’s attcl)tioll ill l)road claylip,]lt }x-
fore it reacllcs attitudes that are stlbsforlfiolifj low{  r tl)all
100  Lilil. l)ctailccl clurilltitativc  ar?,utile]lts  for this olwious
co]lclusio]l  IIavc twcll discussed ill }’a[)cr  1. }lmlce,  if otlc  is
dctcrltlir]ccl  to clisllliss  a lc)w-c]cvation  trajectory, both tile
}>oulldary  of tllc area of ILllllillous  ~)}icmo],,clla 0]] Kri[l(,v’s
(1 960) l[la],  and ,Iu],)croos corly cyewitr}css  accour,ts of tllr
sigl,tir,.gs  (I,lost of tl,c,,, fro],,  1 908) so],,lnarizccl  by liril,ov
(1966)  lnust ]W clistnisscd. ‘J’licse ittcludc tllre.c  l[lutually
collsistcllt  reI)orts frc)t[) tlte village of Niztlrlc-Ililnsk  a]ld  a
sultllliary of  cyewitllc+s  accou]lts  Collcctccl  })y the director
c)f a ]Ilctcorologica] statioll at Kircl}sk,  about 5 0 0  krll t o
tt[c  s o u t h e a s t  c)f tllc e])icellter, ‘1’lIcy  all e l a t e  fro][l  JIIly
1908, as dots a rc~wrt  of “quite  rclial~le  illforlliatioll that
. . . ill Vititr! and UIJ tllc lrclla a s  f a r  a s  ljst’-l{~lt  JIIa  IIy
pc’cqdi’ . . . saw tllc ]]illar of fire”  (Krinov 1966, pJ). 156

161); all these locat ions  arc ill tllc ge]lcral clircdiolls froln
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Fig, 2. l)istl  i}wtiotl  of the algualellt  of pcrihclioll  w (or w+ 180°)  wtsus  the orbital irlcliTmLic)ri  r’ for all the  snot l-],criod COIIICLS
\vliosc i  < 5 0 ” , \\ri(. ]l t]lC ove]]aid distlitl~ltio]ls  of coIlletrS]  y Sc)llltiolls (fI~)}l C]iO1l diSt EITIC’CS C’XCC’C’difl F?, 4 AIJ) t}]at arc  a l l o w e d  fol

LIIC ‘Ihi]guska  chjcct  011 the  assull)~~tioll tlmt  tile  I adizill( aziuluth  i s  1 0 0 °  o r  1 1 0 ° .  ‘JIIc  OImII circlm  ]cfcv tc, sir[glc-a~,~>zLri(.ic)i]
co][lcts, tllc solid cilclcs  to coInrts of more tllarl oIIe allparitioll. ldelltificcl  arc  l’/lhIcke (1’;) a],d l’/Wilsor,-  flal, i~,gto[, (W]l  ),

} 1 AIIIOr astcmic]. It i s  rloticcd  tlmt LIIC ‘1’uil?,uska’s  cc,t[]eta~  y solu(iolis  occ\IIJy  aleas  of  t}]c I,]ot  t}lat(110 l a t t e r  Iwi]l?; a ]mssi  1 c
aI(,  ,r, cII(, rally avoided I)y tlIc  slIol  t-]jcliod cc)r Ilets

tlIc soIItlI-scILItlIcas(  t o  tlIe east o f  tllc C])ice]ltcr and  IIIOIC

l}Ia II 4F)0 kIII froll]  it. (J1I tllc other hand ,  Krinov cx]jlicitly
sl,atcs that 110 sip,lltirlgs  whatsoever  were  repor ted  fro]n
1 ‘wykit,  almut 300 kll) to the w’est-llort}l~\’cst of the c])i-
celltcr, irl spite of tllc cloudless sky.

1 all)  ul)awaw of ally  case of  dcll]al,dil,g ill tllc liter-

ature ttlat tl)r lIIost  coln])cllitig J)art o f  ttlc cycwitllcvss-
accou{{t datalmsc cc)ln~)ilcd hy Krinov (1 966) k refuted .
}’et, this is J)reciscly  ~vllat is ilrl]~liccl by ttle cri~ics  of tllc
fircl)al[’s  lo~v-clc\atio[L  t ra jectory.  (JIIIMS all the rclcvalit
cycwitllcss accou II[s arc disrq,ard cd, tllcre is 110 cscaj)c

frol]l  tllc co]tclusiol]  t]lat ttlc ‘J’ul]guska’s  radialit clcvatio]l
Collld ulldcr 110 circul)lstal)ces exceed  30° and, a]zllost  Ccr.
taillly, IIot Cvcll 15° ,  More  sJ)ccifically,  if tllc detection a~

Vitilll atid  tllc IIol]dctectiotl at IIoykit a r c  takcll a t  face
valllc,  tllc radial]t elcvatio]l sl]ould still be l o w e r  tltali 15°
arid  quite ]mssit)ly as  lmv as 5°, a s  ad~,ocat,cd irl ]’aj)cr ] .

7 .  Sllllllllal’y, Colnpal”iscnls, a n d  coIlclusiolls

‘1’lIc fol]owiltp,  argul[lcllts, JJrcsclltcd  ill l)a])cr  1 aIId itl ttlis
J)aJ)cr,  i{s cx])a]isioll , stro]lp,ly  sul)J)ort  tllc Ilotio]l  t h a t  tllc

‘Jill l~uska  ol)jw(  was a Sllla II stony or carl)onacmlls  aster-

oid alI(l l/01 a col IIct fra.gtllctll:
(i) its cxJ)losiol]  at all  altitucJc of 8 JiIII is a]lalop,ous to,

tllo(tg;ll  ]Ilore cI]crgctic (]]arl, tile tcrl]iitlal  flares o f  tylw J]

firclmlls olwrrcd J)l]otop,rzi[)llic{llly  at greater alti(udes I)y
(IIC l~l]roj)call  Nct\vork aTId tl]c }’rairie  hlctwork;

( i i )  tllc c[itical acrodyllatllic ~]ressure  at  tllc poii,t o f

cx[)losio]l, cs[iltlatcd at, w200  b a r s ,  i s  collsistcllt wit]] a

value that is exlwctcd from the extrar)olatiolt of the data
011 exJ)locJi]lg ty~w 11 fircl.ml]s  to a lrlass of 1 01 2- 10]3g;  if

t i le  ohjcct were  corlletary,  tl]e  critical J)ressurc WOUICI  t)c
w2000  bars, ctltirely out  of  a  ~)lausit>lc rarlgc for  fra!,ilc
co~llctary  ~natcr-ial;

(iii) the J)re-ex})losioll  velocity is derived to be slip,l,tly
less  tl~a]l 10 lctll/s, collsisterit  with illclclmtldcllt detcrlni-
Iiatiolls  based or I all illter])rctatioll of the seismic obwr-
vatio]ls arid  oll a la boratc~ry  sirtlulatiotl o f  tllc uJJrooted
forest;

(i\) because al, o}~ject o f  ‘1’u],p,uska’s size ca,lr,ot t,c
cflicicrttly decelerated by tllc l;arth>s atrllos[)llerc,  tlic irli -
tial, I)rcatll]osJ)hcric v e l o c i t y  cc)uld IIot  ]Iave  kCII IIigllcr
tllalt the tml]illal velocity by lnoi-c t)lall several ktII/s al)d
cc)uld liave  olIly Itlarp,illally  cxccccled  tile llartll>s v e l o c i t y
of escaJw~ ~]LUS rulillp,  out a conlet-]ikc  orbit of IIlodcratc
to  hig,ll  cccelltricity;

(\) cxistil]g lir,,ited Cvidc,,cc  0], t},c ‘luIIp,uska  cvcllt

is  itlcollsistclit  wi th  a  fra~Ill  Cllt21ti  Oll ])attcr  Il ty])ica]  fc)r
collletary flrchalls; coll~])ared  w i t h  ]Ilorc  corllj)act sto]ly
iltlJmctors, fraF, rllclltatiol] distilictly J)rcccdes  dccclcratioll
f o r  ccn[lct  ilii]mctors,  wliosc  ~)ro]w]ls+ity  to fr:ip,tllc,rltatic)ll,
cx])rcsscd  qualltitative]y  by t h e i r  IIip,ll cflcctivc al.~latioll
cocf[icicllts, lnay ill f a c t  illcrcasc ~vitll illcrcasillg dilllcll-
siolm; a cornet illlj)actor \vit]l  tllc r e s i d u a l  Inass of ‘J’~lrI-
~uska  at tlic tiTilc of tcrtnirial cx~]losioil  would Ilavc  l)ad  al]
entry r]]~iss  of at least a few tirllcs 1 0]3 g (aljout ol]c orflcr
of  Illap,[litude  greater  t]iart  a stolly il[ipaclor of tile salllc
r e s i d u a l  Inass)}  would  lla\’e  bcgoll  to disi  Iltcp;ratc  ])rcci])
itous]y at }Iir;ll altitudcsj Ilcar 7 0  SO kill  al)ove  s e a  ICVCI,
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l’ig.  3. l)is(  rilwtio])  of  ttlc arguaiel)t  of  pcrihcliol] w (01 cd+ 180°  ) versus  tl]e  o r b i t a l  irlcliilatioll  i f o r  tlIe  shor(-~)eriocl  col[lcts
witli IWI ilwiia s! IdlcI ~hall 1.2 All, wit,h oI})ital periods ]rw thaII 30 yr, and with i <40° , arIcl its corn]  )alisoIl  with tllc ovcllaicl
(list  I iljlltiolls of  mlIIcta!y  solu  Liofls (aN~lioIl distallc~s  ex~ecclilw, 4  AIJ) t}l:tt rue allowccl  f o r  the ‘Iilrlguska  ohjwt 0 1 1  tk
awlllll])tioII  tljat tlic Iadialk  a7ir[luLtl is 100° 01 1 1 0 ° . ‘1’lIe O~)CII circ]cs  wfc~ t o  siltglc-al,],aritiorl  colticts,  t},c s o l i d  cimlm.  t o
co II Icts of II IIIIC  t}]all orIc aJJ1mritioll, ]clcmtificcl  ale l’/l;IIckc (11)  ard l’/Wilso,l- IIarlit,gtol,  (Wll),  tile lattcl b e i n g  a  I,ossit.,lc

AI IIOI  ast moid. A l s o  I]lot, tcd i s  the CUI w o f  tlw (w, i) ~mil~ cfcwlitmd b y  the orbit o f  J’/lh Ic!ir clue t o  t})c Jo\’iarl sccuh
]>(.I trii  Imtiorls dorirlg  a cycle  of 3 4 0 0  y I . It is ]!oticd tf]at tllc ‘l blIgosEi.a’s  coalctary  solutiol]s  occ  L]]Iy arms of t}lc I>lot tltat aI c

l’ol’lllatc~l  Iv II(J 1’;:II t}l-aITroaCllilW sllo]l-~~criod  con~ets.
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],’ig,  4. ])istri}~(ltioli  of’ L]Ic’ aIRLIIIICII[ o f  ]Jcli}lc]iorl  ti~ (O I  ti~-1 ]800) VCI>LIS t]le  oll)ita)  irlcli[latiorl  i fol t]ic  AI  IO11O  astc]oids  urit}l
i < bo” arltl  its CO II IIIaI iwll  wit])  tll~  owrlaid distrihtkrlis  of as(c) oiclal solutio])s (a})llclim] clistallccs less tliall 4 All) tha(  iil~
alloir(cl  fc)l t]j( ‘J’llilp,~]ska  c)],jccl  OIL tllc assll]tl])tiorl  t]lat  t]lc  laditlll( a~,irlloth is 1 0 0 °  C, I 1 1 0 ° ,  ‘1’]Ic dc)ttcd cilclcs  ~cfer  to ot)jccts
JV}I{I>C a],llclia  aIc l)cyoIId  <l A(J, wliile tl]c  solid  c i r c l e s  al c astcwids witl)  a})liclia  less  t}IaII .1 A(J  fmlli tkIC Surt, It is rlotic[.cl

ttlal  ttl( ‘) ’ill IsIl\ka’s  as~cfoidal  so]utiol)s  occul)y  areas  of t,]]c J,]ot  t}lat  [LIT dcIIsc]y  ]>o~)ll]atrd  i.)y t}ic A~Io]lo  aqtr’loic]s,

alI(l would  lIiIvr cxJwric Iicd a  series of  Irlajor out~urs~s a~l asteroidal O]Ic of the same Cxl)lmio[[  ct[crp,y, ]Ilakirig  ttlc
d(lririg, its at)ltosl)hcric flip;llt, col]tatlliTlatirlg tllc l;art]l’s ol)jcct’s corilctary origirl  lrip,llly  urllikc]y  frolll a statist ical
atrtlosl)llcre wittl  ittllrlcllsc all Iour It5 of IIlicroscol)ic  d u s t starld~miilt as well;
arid  causlrl?,  scvcrc Cxti]]ctioll  cfkcts of a  lrlap, rlitude al)
])roacljir[,g  a  glc)l)a]  catastro])llv; ( v i i )  tl,c ‘JhIIguska  ot,ject’s lir,ritd orl~ital  C,idcl,cc

is  a lso  urlfavorablc to co]ndarv IIature of tllc il[i~mctor;
( v i )  a cori,ct Cvcl,t of  sue] ,  a  ,,)igl]itude \vould  ],avc allowed solutions for its llcliocc]ltric  IIlotiori  ill]lrldiatcly

IWCII cxt rY’]IIely  rare, Jwtha])s 1() 100 tirr]es  ]norc so ttlall ]Jrior  to t}Ic Crlcour]tcr  arc  fou])d  tc) be collsistcIlt wittl ttlc
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F i g .  .5. l)istril)utiotl  o f  the argarrimt, o f  ~~mihcliot~ w (or U-I 1 8 0 ° )  vmsus the o]hital il}clirmtiolt  i t’oI  tlIe AtcII astmoicls  witl)

i<40° ZHICI its mrtl]mlisorl  ~ith lIIC ovwlsiid  distrihtior]s o f  a~tcwiclal  solutiolm  (aphclioll  clistzums  l e s s  than 4  AIJ) t h a t  aIc
a l l o w e d  for t}lc ‘1’urlguska ol>jwt  011 the assul[!l>tio~l  t}Ird the ~acliallt,  azirtiuth  is 100° or 1 1 OO . ltvm(  thoug}l  tlw total ]NIIIIIX>l of
tt!esc  astcroic]s is saIall,  it is rjoticccl  that tl]e ‘1’ullguska’s  a~tmoidal  solutions  occu~)y areas  of the p l o t  wlmc a few  of tllc ALcrls
alc Iora(cd.
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1+’ig. 6. l)ist ril)utio]l  of  t]m al ,g)almlt of  pcritlclio~l  w (oI u,-} 180°)  WISUS t]w  olbita] illclirlat  ioIl i for the ~lotclltially }Iamrcloas
i,~[cloids (wi(}l  ,rlini,,]u,ll ,,ossil,]c  distar)cc  f]o]ti  tl)c  lar~}l’s  o]l,it o f  ]Iot  IIIOIC  tllall 0.05  ALJ) ,VILOSC  i<500 aIId i t s  colii~mrisorl
with tlie OVCI  Iiii(l distr i}m{ iorls  o f  astcloicla] soiu  LioIls (a])}lclioll  dista!lccs  ]CSS t}larl 4  AIJ) tl(at arc  allo\vcd fc)[ (}IC  ‘J’u II~uskH
ol)jcct  011 (lIC aw.utlll)tior)  tlmt tllc  Iadialit wifouth is 1 0 0 °  C) I 110°. ‘1’IIc  clotted  cifclcs  fLre o b j e c t s  lvitll  a]~ljclia  }wyc~IId 4 All,
lvl(ile tt(( soli(t  ciwlcs ale a<teroicis  witl{ a]~}ielia  lCSS tllall 4  A\J  flola tlIc SIIII. 1( i s  ~iotirccl  i}lat tljc ‘I’ur Iguska  solutio[ls  occ~il)y
S(llll(  O f  tll<, til  (/1S O f  t.ll C I)IOL ttl:lt aw (l CIlsCly  i)oJ)ulatcd l)y tlIc  I)otctlt  ially  ]Iay,ardolls  a~tcloi[]s, .sLIoIIg)y  ilrij)]yiflp,  t]lat  tll~

‘1’llll$(lhk>l ()}).j((t  \f’~lS ill fFIC( 011(  O f  [}lCIII.

or})ital distri}JutioIl of tllc l’;arth-crossillg asteroids but IIot

\villl tlIc orl)i(a] dis[rihution  of tllc stlort-period coltlcts;
(\’iii) orl,ital if, forl,latiol, is ]mrticular]y unfavorable to

II)c ltyJmtlicsis oll tFIc a s s o c i a t i o n  o f  the ‘lhllguslia 01>
jcct with l;i)ckc’s cor]let; i~ \vas SIIOWII ill l’aJm 1  that
tlIc  lIodal lillc lIas to be r o t a t e d  lJy  56°  ill o r d e r  to ]nake
ttle col]isioll  \vitll  ihc l;artll ]msit)lc, a dyllalnically urt-
accc]]tal)lc [)ro])ositioll  t]lat f a i l s  to satis f-y tllc llcccssary

collditio]ls  of orbital si]llilarity arid  places lIo plausible Ii Ill-
its olI tlIc  titl]c scale IIcdcd for SUCII a l a r g e  l)lal  IQ(ary -
Iwrturbatioll cflict,

It is JIo\v aJJpro])riatc to set tile a u t h o r ’ s  argulllcllts
ill tllc colltcxt  o f  ttle ]Iistory and cvo]utiorl o f  i d e a s  ort
tllc ‘JhllgLlsFia  ol)jcct. Ku]ik’s (19’26) early corlclusio~l  Ivas

ill fluctlced  hy tlIc  erltircly f o r t u i t o u s  coi]icidcrlce bctwwrl
tllc ti]]iitl?;  c)f the  fa l l  and tllc suhcqumlt  “ l i g h t  Iligllts”
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over ]tl(lcll  of l’:urcrasia ort  tlIe olIc hand aad  tlIc II;artll’s

trarjsil across lJIC orbital lJlallc  of tile a~~l)roaching  Colnc(

I’OIIS WiIIIIcckc  or) (lie other hand. Other ~,roI)olleIlts  o f
a coIIIctary  hy~)otllmis  were  Whir)ple (1930), WILO  argued
that (IIC lip,lll rligl)tsirl tllc afterlllatll oftllc fall  Ilacl kCII

causcci  I)y  t]te  ‘] ’u IIg LIskr’s  d u s t  tai];  As Lapovich  ( ]  9 3 3 ) ,

\\lIocC)tIclLIclcrl that tbc object had ]rloved  ill a hyperbolic
Ilclioccltlric orbit; a])d Vcrlladsky (1941) ,  WIIO sL]ggcstcd
tl)at t,llc il]i])actor hat] been a CICIISC  cloud ofcosr[lic clust,
tllllsilltro(]~lcil]ga [Jaracligto  that wasco~lsisterlt  witJl  t]Ic

t]lcll IJoIJ~l];~r sarlci-l)a~lk  lr~oclc] forcolllcLary ~lLlclci. Irl o~le
o f  bis  last I)a}ms, Ku]ik (1939  ), still corlvillcecl  that large
frag,lrl{`llts  c) ft})cbocly iltl~)acLecl t]legrollrlcl, cx[Jressed  t}lc
ol)i)lic)ll t]iat L]IC ‘]~lrlguska  object w a s  all i ron  mcLcorite,
a s  a l l  Illctcoritcs ]norc m a s s i v e  t})aa  500kg were  Itlaclc
cjf iroll. Sitlcc  llc Ilever rcfutec]  h i s  e a r l i e r  Ilotion o f  t h e
c)l)jcct’s  ccr]t~ctary  ]Iaturcj OIIC SIIOUIC1  assulne tIlat Ku]ik
ciid IIc)( colwiclcr  ‘1’ullguska’s  c o m e t a r y  ori.gill alicl tllc irorl
coIllI)cwitioll  of iis large frap, rtlcmts  as ]nutualty exclusive.

Fc)r at ]cast sc’vcrlty y e a r s  afLer tbe ‘Ihllguska fatl, ttlc’
bclicftl~at  Lllcol)jcct wasofcoloetary  orip;inc learlyclc)m-
illate(l tile literature, wit}l l{rillov (1949, 1966),  l~escl[ko\’
(1961,  1966, 1969),  a11d I<resAk (1978),to11arI,eafc\~,
alliollg  llIC stro!lgest s\ll)])orLers  o f  tl)is ]ly~)othcsis.  ]Jar]y
a(tetn])ts to i n t r o d u c e  cflkcts of atr]lospberic fraglnellta-
ticjli illto ]Ilctcor Ccluatiolls  lIellwcl itl fact  to s t r e n g t h e n
ttw ~)rcvailillg  o])i]lio]l  t h a t  f a v o r e d  col[]ctary llatur-e  o f
(I]c ‘I’IIIIfI, uslia  o b j e c t . ‘J’his  was, for exaln~~lc, the case of

(Jrigc,ry:,l)’srrlo[lcl (1976,  1979)  .llut after cvaj)oratio]lcf-
fccts, IIcglwkd  ill tllc c]rig,illal ]~aracliglll,  wcrc  accoulltccl
for(}lrollslltcl) 1994),  tllecc)l ll]JlitcclL ll)])crl  illlittotllcal-
titllde of coIII[)]ctc  disi[lLcp,ratioil (i. e., t]Ic  a]tituc]e  of cx-
I)losioll) CaIIIC out to lw fairly irlselwitivc both to the il[]-
])actor’s t)lllk dcllsity a]ld  t o  i t s  strellgtll. [J]lfortuoate]y,
tllcse calcolatio]ls were  carriccl out, only  f o r  all assull]ccl
I)lc[ittllos])llcric vc]oci~y  of 33 kill/sal}d coulcl 110( there-
fore  CIiscrirl]itiatc  bctweell the twc) IIypothcscs.

1 liavc }wel] ullal)lc to  fillcl ally ~)al)cr b e f o r e  1983, itl
\vl)icll corl)eiary origin woulcl l)avc  }werl critjicizcd  as ullac-
cel)tat)l(,. ‘J’cI tiIyklto\t’lcclgc, llalclwia (1963)  ca)lleclcm tc)
tlliscol]clllsi( ~11, lvllcll  c)]] ]J.400f l)isl)ookltcstiicl t)lat “tllc
(lcscri  J)tiorl  of tlir :~l]l[~lllltofclllst rcsclnt)lestl]c cflbcts  ol)-
scrt,e(l  ~},tlctl a F)rcat sfoliy IIlcteorite arrives . . . “, I)ut olI

~). 13 Iic coi)cc(lcd  t h a t  i t  \vas ‘Lclltirely I)c)ssil)lc that  tile
ol)jcct was  COIIII)OSMI larp, c]y o f  icrs, ill cotlfor~llity  \vitll
N’tlilj[)]c’s  co]lccl)t  o f  co]llet l]eacls.” l~alcl\vilt was  colI-

vil[cccl that corilets ‘“]nust, co]ltaiu a  ccrtail~  aIoount o f
Iocky  IIlateriillc”

‘J’IIc lmlatlr’e  twtw’ecjl co~i)ct allcl asLerc)ida]  ]lylwtltrwcs
Iwgall  (c, cl[allg,c ratllcr s(lcl(lt’lily  il] 1983. Virtuallyat  tllc
sarllc til))c a s  lIIy very dcfiliitc col]clusicr]i  o]J t,]lc ot)jcct’s

I)alurc Ivas ]~ul)lislled  ill l’:i])cr  1 , a Co]lllmsitic)]tal  study
t)y (;a]lalmllly (1983)  aj)lwarcd, ill w’llicll  ttle auttlc)r  cx-
a]l]itlcd sllljlilillilllctcr-sizccl  ltlcta]lic sI)l)eres  frol]l  tllc s i t e
o f  f a l l  aIId  coIIcludcd  that tl]c o}.)jcct  I[lay  have  bccII  a
~totlv ]11(.tcoritc.  Altl]oug}i  Gallalmtlly’s flt[cliflgs  on ‘I’u Ii-

g[lska's co~ltritj~)tiol~ totllciriclill~  1liltfallat tbc South I’oIc
were not collfirlllccl  by Rocchia  et cd. (1990), liis results
are not ]Ieccssarily nullified ill their entirety. III tl)c  least,
they  sugges t  tha t  astcroic]a{  allc] col]letary origirls of L]ie
object arc cclualty  p]ausitrlc. Also at about this time the
issUC’ of coslllic bolllbarc]lacn  L o f  t]te };arth was  rcvicwcd
@ Shc)ct[lakcr  (1983) ,  who  poilltcc]  out that tlie fa i lure
o f  tile ‘Jirrlguska  object to  rcacll the gi-oullcl o~lly showecl
that it was not a ]arp;e irorl  IIlcteoritc or sLoIIy irotl;  thus ,
Shoclnakcr  clicl [lot  excluclc. tllc lmssibility C)f a  sto])y  o r
carbonaceous asteroid citllcr.

Wllilc ill tbc 1 9 8 0 s  tllc hypotliesis o f  ‘J’urlguska’s
col[lctary Tiatllrecolltill[lecl tocnjoy solnepol)ularity (e. g.,
~luljc arid Napier 1984 ,  I,rwill  allcl llrol,shtc~l 1 9 8 6 ) ,  a
rlu]nber o f  iTidqmllcterlt  invcstigatio~ls  colll])lctccl  ill the
early 1 9 9 0 s  alrcacly s h i f t e d  t h e  enlp]lasis to astcroicls.
Pr-err) hisorbitalstucly, Andrecv (1990  )coIIclucled that all
AI)ollo-tylm  orbit isthc ~llost likclyolle for  tllerl’unguska
o b j e c t .  ‘1’hrcw years later, the iln~~orta~lcc  of at]]losplleric
fragtoctltatioll of rllassivc ilnr)actors was clllI]llasizccl  and
t}lc h i g h l y  discriltlillatory bcllavior c)f millets, carbc)rla-
ccous asteroicls, sLo[Iy  astcroic]s, al!c] irotl  astcroick c]urillg
t,llcir atIrlosI)}lcric  fJip,}lt w a s  establisllec] ill sc\wral invcs-
tigaLio~]s. IIillsalld Gocla  (1993)  foul]cl frorll tllcir ~[lodc]
that a storly astcroicl lnust be greater than ’200 Ill across ,
]IIuclt larger than the ‘Jhllguska object, to nit t}lc’ grou  IId.
~}lyha  cl crl. (1993)  clcvelopcd  a  IIJOCICI, wllicll  msclltially
obeys the clccclcratioll arlcl ablatiorl Ccluatiolls  of a sillp,lc-
}.) OCly~)araC]i.gIJ]  aIIC] fC)r W’]liC]l  ab]atiC)ll  iSaSSUllleC]  tOI)rO

ccccl ol)ly by  cvaI)oratioll  u n t i l  t}lc clyllaTllic  J)rcssore be-
p,irlstocxceect t]lcobject’s yicldstrc~lp,th.  .At tllisjmillt,all
cfl”ect of corrl])rcssivc  clcfcjrl[latic)l)  is irltroduccd, t h e r e b y
ra~)iclly ex]~allcling  the i~ll~mctor’s  cffectivc cross sectional
area clurillg  the rerllait)irlg part of its atrllcmplleric flight.
‘J’llcautllors sllo\vccl tha t  thisrnoc]cl irll])licsasllar])r)cak
ill the  ra te  of  cncrp,y cle])osition  at t}lc CIId of tllc atltlo-
sI}ltcric  trajcctoryj wllicl) caa b e  dmcritml a s  a tcrlltirtal
cxplosiol).  I t s  altituclc CICIWIICIS ort tllc i~lll)actor’s  clltry
I[(ms,  delwity,  velocity, strcllgtJ\, cc~llljwsitic)ll,  and trajec-
t o r y  al)p;  lc. AJ]ljlyitlg, ttlis rIIoclcl to tile ‘1’utiguska  ol)jcctj

[Nlyl)a  cl ul. (1993)  foutlct t}lat its exI)losioll  at aII altitlldc
of about o~lc’ scale ]Ieig]!t itldicatw that tl~c i))~]~acLor  was

aII ordiflary  sto Ilc.

lrl t]lco~)ir[io]l  oftllisaut]lor, tllcrrlc)str  calislic]tloclcl
f o r  ]Ilassivc  fiwlmlls tliat lIas  Ixwll ~~rc)j,osd  t o  d a t e  i s
t]lat bad  OllaCtUa] fitti]l~,  t[)t]l COt)SC]vat  ;OIISofSllC]l” (Jl)

jcct,s.  llsl)ccia)]yi  ]]~ltlli]latill  p,c]cscriJ)ti  ()1lsc)fits [)rol)crtics
a r c  Jmcsclltcd  ill t w o  rccellt irlvestigatiolis, tly {~c})lccl)a (t
CI1.  (1993)  a]lcl by Ilc)rwvitka  altcl ,SI)urll~ ( 1 9 9 6 ) .  OIIC illl-
])rcssive  asjmct of tliis lnode]  is that it ltas a l r e a d y  l)ccri
succcssfoi]y al)l)]icc] to a]ll)osL 5 0 0  fire} m]ls,  ‘1’lle collcc~]t
is based orl tllc rccmp,llitio]l that ltiajor losses of lnass oc-
c u r  ])ri)Ilarily durill~, or illllllccliatcly  sul)sequcllt to, dis
crctc fragrtlerltatloll  e\’erlts  atld ]ri arly  c a s e  a s  tlielr r(’-
so]t. ‘J’his  Inoc]el  a]sc] accounts  for  cl~lasi-cc)rltill~lc)~ls frap,-

]~lc~)tatio~l aloug tll)c clltire atlnc)s[)llcric ~mtll, IIot oIIly
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at l o w  a l t i t u d e s .  ‘1’lte lnodc] was ir]itially illtclldcd as a
toot  for analyzing  ~>ltotograpllically recorded fireballs, but
t)ot,h ~.k},lccl~a (I 99b)  a])d  110rovi5ka  al}d Spurny  ( 1  9 9 6 )
IIavc show]] tl)at it also car] be used  wi th  aclvar]tage f o r
})redictivc  ]Jur~mscs. Slllt1111ari7iflgtllc  results of tllcse ill-
vcstigatior)s,  O]IC caTl offer  the fcrllo\vitig  c l a s s i f i c a t i o n  o f
altnos~dlcric frag]llclltation  of fireballs:

A .  qllosi-f’ofltirll~otls  modf,

11. riiscry~c-fucnt mode:

}1.1. bull: dismptiofl

( i)~volvi?~g  mc~jor fmgmcnis),

11.2.  ~>7dwri20iio7~
( inzmlving ~jrwr’omiri(rr~tly rllicrmcopic  debris).

‘J’llccoIltrit)L]tic)tl  fro]n tlIc c]llasi-corlti  IJLlous I[locle call
readily h (Iescritml by all aI)I]roJJriatc value o f  tile at)la-
tiotlcc)cflici{ llt, aslllel)ticJ1lcclitl  Sec. 4. Wllilebothrnacro
sco})ic atlcl lllicroscoj~ic  particulatcs a r e  l o s t  i]] t h i s  frag-

IIlclltatio]l  ]IIodc,  tllcre i s  lIo lied to distinguish hctwccl)
large-sized allcl sfllall-sizcl d e b r i s ,  Lccausc o f  i t s  coll-
tiriuilig ai)latioll a c r o s s  tile erltirc s ize spcctruil[. in tllc
d iscre te -event  lJIodc,  }Iowever,  the size characteristics of
tllc IIlajor fraglilcllts arc illlj)ortaltt arid  the arlalysissl)ould
]~rocced  acmrdit[g]y. ‘1’})c  greates t  value  of  ~q]lcc}la  CL
al.’s (1993)  I}a]wr co])sists ii] tl)e systclllatic  examillatio]]

oflt]e 11.1  ]llc~cle c} ffr:ip,  ft)c]lt;ltic)lt,  wliicll  these autl]or+ call
(/).c)ss  J/.(/g/ ///( rliorliorl  and wllicll  ulldouhtcdly is of j)rilltai-y
il]llmrtallcc f o r  shIIy arid carl)o[laceous itll[)actors, m’e]}
tllollgli  al)latio]]  efkts of  tile t w o  fragrrleIltation Illodes
CaIIIIOt be sc~mrated fro]]]  oII17 ajlotllcr.  F o r  cxa  II Il)le,  a

COIIIIIIOII scetlario is that of a]t ilnl)actor t)reakiug u[) into
,sevcral  t)l]lk  J)icc  es, Cacll  of Wl]icti  col)tirlucs  to a}Jlatc

I>y fr:~gllit]lt;itioli (as wcl] a s  Ly cva[mral,io]l  aIld  ]llelt-

i]l~,).  Success fu l  a]}alysis  of tile lJ.2 fr:lg,rtlelltatic~Il  IIIodc,
wllicll do]tlitlatcs ttlc disil]@ratioIl p r o c e s s  o f  cornctary
il[ll)actors ill tt~c atlllos~jllcrc, is  o]ie of tile lnajor coiltri-
l)utiotlsby lloro\i6!ia and S])urni (1996) ,  iuclucliTlgttlcir
cs[illlates for ttle allioullts of lnicrc)sco~)icarld  lllacrosco[]ic
del)ris illvolvcd  it) ttlc discrete everlt,s  at)d  tllcirf or[llLllatiorl
illl(l a])[)licatioll of a rlove] collccIJt  of destructio!l Clcljtll.

‘1’}le h i l l s  G o d s  li]odcl  was  c r i t i c i z e d  by (k~)leclla
(199 b), \vllo:l])j)roj)  ri21tcly] )c)illtecl  otlttll~lt]) l)otop,ral)llic
{)l)s(,r\’a[iorls~I(,ilrl~ itldicate that flrclm]ls, eve]) lllcteoritc  -
p,tllcl-{\til]p,f  ircl):\lls$f  rap,lllcllt at [Iyll:llllic]]rcssllrcs  otl ttle
or(lcr o f  1  1? tmrs (e. ?,., C~eI)leclIa ]g(;], h[c~rosky ct al.
1971, IIalliday c1 0 1 .  1981),  \vllicll  are collsidcral)]y Io\ver
tllal~ ttic strellg,ttl of stol\y li~c{coritcs.  ~jc[>leclla a lso  elll-
l)ljasizcd  ttlal  iftllc ]I](,(lcllverecc)rrcct, ttlere Jvouldtw]lo

Illclcorilc  f’allsfrotn ol)jects initially severa] nletcrs across ,
ill ol)vious  cc)lltr~iclictioti  to gatllcrcd evidctlce.

Sil[lil:tr(~t,jectic,l]s CaII also be ra ised (0 the IIIodcl  by
~~llyl)a {1 ol. ( 1 9 9 3 ) .  llIdccd, as I)art o f  Ibackgrourld  irb
forlnatioll, [~lIylm (1993)  ])lolted tile c a l c u l a t e d  cx~llosiol~
a]tiludc versus  cx])los  ioil e]lcrgy, co~lcludi]lg  t h a t  stoJly
ol)jccts \vitlt ex])losio]l  cllergies  ill tlic rallc,e  o f  1  ktoli t o
1 hltoltl lll(lt’l~,o: ll]airl)llrst at{lllaltitll(l(’bct~vecll  lfJarld

25krl]; tllclo\vcrctlcl ofttlis ra[lgci~lcl(l(lcs llletcr-siy,cci  as-
teroidal objects - so~nc of ttle~ll kIIOWII  to liave  y i e l d e d
Iilel, eoritcs whic]l  were observed by the F;uropearl  Net-
lvorka~ld  theottlerfirct~a]l  lilor]itorillg  llct\vorks (C;e])lcclla
1994) aswclla sthcrccc~lt,ly  recovered l’cckskill ~r~eteoritc
(l{row,,  cl 0 1 . 1 9 9 4 ,  }Ieecl, ef al. 1995) .  For  n]assive fire-
balls w]lose  fragrocutatioll is llot prcdolnirlar]tly of tllc 11.1
Inodc and wllosc  atlllos~]lleric flight is not terrnitlated }.)y
a Itletcorite fall, Chyba et rI/.’s  (1993)  a[)J)roacll  can bc
rerrleclied  t o  so~lie extcrlt by a~)~)lyirlg, iii t}kc ltlass-]oss
equation, arl “effective” at~latioll  coefficient tl]at accourlts
for irltegratccl eflccts of fraglllet}tatioll, evapora t ion ,  and
rueltillg, “1’his refl]lcd  a~)j]roxittlatiorl  sllotllcl  be aI)l)licable
w i t h  advautagc cs])ecially to cornctary illl])actors. ludced,
WIICII cl[lployccl  hy Sckal~ina  (1993) to predict ilnl)act cir-
clllI]stallces fortllc frag,l[lcrlts  ofcolllctS  l1oc1llaker- lJe\Iy 9,
the resulting terltlillal altituc]es virtually coincided with
the altituctcs ca lcula ted  subsequent ly  t~y ]Iorovitka a~ld
Spur]li ( 1 9 9 6 )  frorjl  their ][]odcl  accourltirlg  for discrete-
evcllt fra?,lnelltatioil.

IIven  though there  rclnairl diflerenccs  alnollgtllc var-
iOUS  fraglllClltatiO1l  lIIOC]C]S  f O r  very lIlaSSi\’e fir(’b~]]S, t]lC
rcccl]t dcvelo~)lnellts  c lear ly  ]Joillt  to asterclida] Ilaturc o f
t}terl’ullp,uska  object, collsistclltly with other ~)rcscllted  ev-
idcllce.  IIowever, orlc issue wllerc 1  a~u Ilot  I)rq)ared t o
take sidesat ttlis titneislvllct.l~er Lllc ot]jcci wzrsallorlna]
storlc or a car}) o~taccous cllolidrite. As ~[tel)ticJncd almvc,
t}le I)rescllcc  o f  a  terIrlillal ex])losioll  al)[)ears t o  sup)~{est
a fireball of ty[w  11, tllc, category usually associated with
car}) o~laceous  cllondritic Illaterial. IIowevcr, this rclatioll -
slii[) s t i l l  relllaius so~newllat  s~wculative. IIorovi?kii  ,ar Id

S],IIrIIj (1996)  I)oitlt out,, f o r  exalll~)le,  t h a t  tile IIe]leiov

firckll,  oIIe of the best exalllIJles of a tyI)e  11 fireball with
a terl[iil]al  f l a r e ,  IIiay  liavc  t)ccvl all ordil)ary  c}lorld  rite.  It
was already rilelltior]c(l  that ~llyba ct 0/. (1993)  ~)ro])osd
t}lat  ‘1’urlguska was a  sto[ly ol~jcct  a n d  t h a t  Gallalmthy
(1 983) conc]udcd  fro*rl his cor[l~,ositiol]al  irl\cstip,atiol, of
slll>lllillir]letcr-sizccl  rlletallic s[)lleres  collected at tllc site
of  tllc ‘1’ult~uskd fall that t}lc ol)ject  IIIay  well lIavc  bccfl a
storly  Illeteorite. M o r e  rccc)]tly,  cvidctlce cotll[)atit)lc  wit]]
‘J’urlp)uska  l)eirlgarlorrllalclc)isity  lllctcc)rite \\rzisl)rcsc~lte(l
byljollgoct  al. (1994)  aTIdl)ySerra  Ft al. (l W4), wTlIocx-
tractcd alld arlalyzecl  lnicrosco[)ic ])artic]es traI)[)ed ill the
resili  ofsllr\/i\’illg collifcrs at tile site of tlie ‘lhlIgustm fall.
‘J’})cy showd frolrl the growtli rir\gs  of tlie t rees  tl]at t.lle
titne  clistributioll  o f  tllcsc [)articlcs had ])eakecl  ill 1908
and i d e n t i f i e d  14 Clcrllmlts  as J)rc)lmbly  colJliilg  frolll llle
“Ihtlguska  fraglllcrlted IImtcria].

111 sultl]llary, 1 filial the  gatltcred evidetlce ill f a v o r  o f
as teroidal  c)rigili of t}]e ‘J’u]ip, aska oi)jcct ~rery corr)l)cllirlg,
wit]l  its J)}lysical, collll)ositiollal!  and orbi ta l  as[wcts bc,tll
IIlutuallyar]d self-corlsistellt.
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